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RECONNAISSANCE STRATIGRAPHY OF THE
PRICHARD FORMATION (MIDDLE PROTEROZOIC) AND THE
EARLY DEVELOPMENT OF THE BELT BASIN,
WASHINGTON, IDAHO, AND MONTANA

By EARLE R. CRESSMAN

ABSTRACT

The Prichard Formation crops out in the area between Glacier Na-
tional Park on the east and Spokane, Washington, on the west and
from the United States-Canada border on the north nearly to the
Idaho batholith on the south. The formation, commonly more than
6 kilometers thick, comprises the basal one-fourth to one-third of the
Belt Supergroup, and the base is everywhere concealed.

The Prichard differs from the rest of the Belt Supergroup in con-
taining a great thickness of turbidite, abundant and widespread diorite
sills, laminated carbon-rich silts, and abundant iron sulfide. The rocks,
which have been regionally metamorphosed to the greenschist facies,
are within the biotite to garnet zone everywhere except in Glacier Na-
tional Park. Original metamorphism was static and resulted from load,
but Mesozoic compression and intrusion superposed dynamic meta-
morphism on the rocks in the western and southwestern parts of the
outcrop area.

Rocks of the Prichard Formation, which are classified as quartzite,
siltite, and argillite, consist mostly of quartz, plagioclase (mostly
albite), sericite (2M illite), biotite, and chlorite. The quartzites are gray-
wackes. The sills are mostly gabbro to quartz diorite, and their com-
position is characteristic of continental tholeiite.

The Prichard Formation consists of an argillaceous facies, present
in the St. Joe, Coeur d’Alene, and Salish Mountains in the southern
and eastern parts of the area, and a quartzite facies present in the
Purcell, northern Cabinet, and Selkirk Mountains. Each facies is di-
vided into informal members for purposes of mapping, and although
the nomenclature is clumsy and not entirely in accord with the North
American Stratigraphic Code, it is used in this report.

The argillaceous facies includes, from base to top, members A
through H and the transition member. Members A and B, totaling
1,600 meters thick, consist of graded siltite-argillite couplets less than
one to several centimeters thick that probably were deposited from
low-density turbidity currents. Slump folds, common in the uppermost
1,000 meters, indicate an east-facing slope. Member C, about 100
meters thick, is mostly argillic quartzites that were deposited as tur-
bidites. Sole marks and ripple marks indicate a southerly sediment
transport direction, and the sediment source probably lay east of the
depositional basin. Member D is mostly olive-gray platy-weathering
argillite that becomes more silty upsection. It is 290 meters thick in
the eastern Coeur d’Alene Mountains but less than 100 meters thick
in the western Coeur d’Alenes. Member E consists of nearly 1,000
meters of interlaminated siltite and argillite interbedded with some
well-sorted crossbedded quartzite. The unit contains shallow-water
to intertidal features that range from hummocky cross-stratification
in the lower and middle parts to desiccation cracks near the top.

Manuscript approved for publication, May 27, 1988,

That part of the argillite facies above member E is more argillic and
less silty than the underlying members. Member F is mostly planar
interlaminated and interbedded argillite and silty argillite that con-
tain abundant iron sulfide laminae. These beds probably represent both
fine-grained turbidites and hemipelagic deposits. Debris-flow deposits
are present locally near the base. The contact with member E below
is sharp at most localities. In the northeastern part of the report area
the interval that elsewhere is occupied by argillites of member F con-
sists of dolomitic siltite, probably derived from a carbonate shelf on
the east side of the depositional basin and transported by turbidity
currents. Member G consists of interbedded quartzite turbidite, siltite
turbidite, and interlaminated siltite and argillite. The unit is a tongue
of the quartzite member of the quartzite facies and ranges in thickness
from a feather edge to more than 1,000 meters. Member H, like
member F, consists mostly of planar-laminated and interbedded silty
argillite and argillite. Near Plains, Montana, member H is about 1,500
meters thick, but elsewhere it ranges from about 600 to 750 meters
thick. The transition member rests in sharp contact on member H and
is about 800 meters thick throughout most of the area. The transi-
tion member, which is a shelf deposit, consists of a basal massive silty
argillite, a middle unit of irregularly laminated siltite and argillite that
makes up most of the member, and an upper unit of interbedded
quartzite and irregularly interbedded siltite and argillite. The contact
with the overlying Burke Formation, placed at the top of the upper-
most unit of interlaminated light-gray and dark-gray argillite and
siltite, is difficult to locate consistently.

The quartzite facies is made up mostly of the quartzite member,
which consists of intervals 2-45 meters thick of predominant quartz-
ite that alternate with intervals 2-20 meters thick of argillite and
siltite. Quartzite makes up two-thirds of the member. The quartzite
beds, mostly 0.2-0.4 meter thick, are turbidites; flute, groove, and
ridge-and-furrow casts are present though not abundant. The siltite
and most of the argillite were deposited from low-density turbidity
currents, though some of the argillite beds are hemipelagic deposits
of wide extent.

The massive member of the quartzite facies, as much as 250 meters
thick, is present only in the western Purcell Mountains where it is
intercalated in the lower part of the quartzite member. The massive
member, which displays no bedding, probably resulted from fluidiza-
tion of a sand-silt-clay section as a result of sill intrusion and the con-
sequent conversion of pore water to steam.

Both the argillite member and the upper member of the quartzite
facies are probably tongues of member H of the argillaceous facies.
The argillite member is about 240 meters thick and occurs intercalated
in the upper part of the quartzite member about 1,600 meters below
the top of the Prichard Formation. The upper member, present through-
out the area of the quartzite facies, is about 400-600 meters thick and
is overlain by the transition member, which is common to both facies.
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2 STRATIGRAPHY OF PRICHARD FORMATION; DEVELOPMENT OF BELT BASIN, WASH., IDAHO, AND MONT.

The maximum age of the Prichard Formation is 1,600 million years,
which is the minimum age of the pre-Belt basement, and the minimum
age is 1,330+ 45 million years, which is the time of formation of
metamorphic biotite near the top of the Prichard. A sill within the
formation yielded a uranium-lead zircon age of 1,433+ 30 million years.
This date probably applies to about the middle of the quartzite
member. Assuming the subsidence rate to have been a direct func-
tion of the square root of time and calibrating the subsidence curve
of the supergroup by two published ages, one of which is speculative,
it is calculated that the quartzite facies may have been deposited
through a time span of 36 million years, which ended 1,410 million
years ago.

The Prichard Formation represents two progradational sequences;
the first consists of members A through E of the argillaceous facies,
and the second consists of the quartzite facies and member F through
the transition member of the argillaceous facies. The sediments of both
sequences were contributed by large rivers. The source of the lower
sequence was somewhere west of the outcrop areas; sediments of the
upper sequence were contributed by a major river that entered the
area from the south or southwest. The sediments of the upper sequence
formed a submarine fan comparable in size to that of the Pliocene-
Pleistocene fan off the mouth of the Mississippi River. Thicknesses
and transport directions indicate that the apex of the fan was in the
southwest part of the report area. Turbidity currents that transported
the sediments were deflected to the left by the Coriolis force, confirm-
ing paleomagnetic data that the area was in the southern hemisphere.
The drainage area that supplied the vast amount of terrigenous
material to the Prichard Formation probably included not only the
southern part of Middle Proterozoic North America but also parts
of the Siberian and other shields that were assembled into a super-
continent.

The Belt basin seems to have formed by divergence between the
adjacent North American and Siberian shields that stretched the in-
tervening continental crust. Stretching was probably accompanied by
the intrusion of basic magma and was followed by subsidence. The
subsidence formed a gulf that opened northward to the world ocean.
The two progradational sequences of the Prichard Formation resulted
from two episodes of stretching, basin formation, and basin fill. At
the end of Belt time the two shields converged. The development of
the Belt basin followed a pattern common in Proterozoic time.

INTRODUCTION

PURPOSE AND SCOPE

The Belt Supergroup and its Canadian equivalent, the
Purcell Supergroup, crop out throughout an area of
about 130,000 km? in the northwestern United States
and western Canada (fig. 1). The Belt is locally as much
as 16 km thick (Harrison and others, 1986), the base is
not exposed, and the top is eroded. It is thus the
thickest and one of the most extensive accumulations
of Proterozoic rocks of sedimentary origin.

The Belt Supergroup consists of four major units.
These are, from the base up, the informally designated
lower Belt, the Ravalli Group, the middle Belt carbonate
(Helena and Wallace Formations), and the Missoula
Group. In the area of this report (fig. 1) the lower Belt
comprises a single formation, the Prichard, which

constitutes the basal one-fourth to one-third of the en-
tire Belt Supergroup. The Prichard Formation is the
subject of this report.

The Prichard Formation differs from the rest of the
Belt Supergroup in several respects. The Prichard con-
tains laminated carbon-rich argillites and thick marine
turbidite sequences, whereas most of the rest of the Belt
contains abundant evidence of deposition in shallow-
marine and subaerial environments. The Prichard was
intruded by abundant and widespread basic sills, where-
as such sills, though present locally, are uncommon in
the rest of the supergroup. Iron in the Prichard is most-
ly in sulfides, but in the rest of the Belt (with some
important exceptions) the iron is mostly in oxides. Fur-
thermore, the Aldridge Formation, British Columbia’s
equivalent of the Prichard Formation, contains the
Sullivan lead-zinc-silver deposit that is stratiform and
syngenetic.

In this report I present stratigraphic sections of the
Prichard Formation throughout its area of occurrence,
describe its lithologic character, infer depositional en-
vironments and paleogeography, and speculate on the
early history of the Belt basin. The area considered is
shaded on figure 1.

This study is reconnaissance in nature. Because of the
paucity of previous studies, the scarcity of detailed
geologic maps, and the great thickness and extent of
the Prichard Formation, it could hardly be otherwise.

PREVIOUS STUDIES

The Prichard Formation was first described in the
Coeur d’Alene mining district by Ransome (1905, p.
279-281) and was named the ‘‘Prichard slate”, though
the credit for describing and naming the formation ap-
parently belongs to Frank C. Calkins (Ransome, 1905,
p- 274, 275). The name was derived from Prichard Creek,
a tributary of the Coeur d’Alene River in the northern
part of the Coeur d’Alene mining district (fig. 2). Ran-
some (1905, p. 28) described the Prichard as follows:

The Prichard slate is the thickest and the most homogeneous of the
formations in the Coeur d’Alene district and occupies the greatest area.
It is also one of the most distinctive, the regularly banded bluish-gray
slates being readily recognized. It can be distinguished from certain
somewhat similar beds in the Wallace Formation by its noncalcareous
character and by the fact that it weathers in reddish-brown tints, while
the weathered exposures of the Wallace formation are yellowish gray.
The formation was described as follows in a tabular sec-
tion also on page 28:

Mostly blue-black, blue-gray to light gray slates, generally distinctly
banded. Considerable interbedded gray sandstone. Upper portion
characterized by rapid alternations of argillaceous and arenaceous
layers, and by shallow-water features. Base not exposed.

The thickness was given as about 8,000 ft (2,500 m). An
expanded description was given by Ransome and
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Calkins (1908, p. 23, 24, 29-32) in their final report on
the Coeur d’'Alene district.

Calkins (1909) conductzd a remarkable reconnaissance
of northern Idaho and northwestern Montana in 1905
in order to assess the extent of the formations in the
Belt Supergroup that had been identified in the Coeur
d’Alene district. Calkins identified the Prichard Forma-
tion as far east as the Flathead River near Perma,
Mont., as far west as Coeur d’Alene Lake, and as far
north as the United States-Canada border. He noted
(Calkins, 1909, p. 36-37) that in the Coeur d’Alene min-
ing district, near Vermillion Creek, Mont., and near
Plains, Mont., the Prichard Formation is mostly banded
argillite, whereas in the vicinity of Pend Oreille Lake,
along the Kootenai and Yaak Rivers east of Bonners
Ferry, Idaho, and in the vicinity of the 49th parallel the
formation consists mostly of gray quartzite.

In 1912, Schofield (1914, p. 22), working in the Purcell
Mountains of southeastern British Columbia, applied
the name Aldridge Formation to the basal unit of the
Purcell Supergroup, the Canadian equivalent of the Belt
Supergroup. By comparing the Canadian section with
that of the Coeur d’Alene district and from Calkins’
mapping along the international border, Schofield cor-
related his Aldridge Formation with the Prichard For-
mation of northwestern Montana and northern Idaho.

In the following years the extent of the Prichard For-
mation was determined in more detail, mostly by recon-
naissance and small-scale mapping. Some examples are
mapping north of Pend Oreille Lake by Anderson (1930),
mapping of the Libby 30-minute quadrangle in
1929-1934 by Gibson (1948), and the mapping in recon-
naissance of Lincoln and Flathead Counties, Mont., by
Johns (1970). Maps at a scale of 1:24,000 have been
published of the Coeur d’Alene mining district (Hobbs
and others, 1965) and at a scale of 1:62,500 of the Alber-
ton 15-minute quadrangle, Mont. (Wells, 1974), the
Clark Fork, Packsaddle Mountain, and Elmira
15-minute quadrangles north of Pend Oreille Lake (Har-
rison and Jobin, 1963, 1965; Harrison and Schmidt,
1971, respectively), the Newport 30-minute quadrangle,
Wash. (Miller, 1974a, b, c, d), and the Chewelah-Loon
Lake area east of Chewelah, Wash. (Miller and Clark,
1975). In the last two decades the earlier work was sup-
plemented by new mapping to produce 1:250,000-scale
maps that now cover most of the Belt basin (Griggs,
1973; Mudge and others, 1982; Harrison and others,
1983, 1986). As aresult, the distribution of the Prichard
Formation is, for the most part, well delineated.

Little progress was made in determining the internal
stratigraphy of the Prichard Formation until after
World War IT when Hobbs and others (1965) restudied
the Coeur d’Alene mining district. They described
the Prichard as being a monotonous succession of

quartzose argillite and argillite that contains several
lighter colored quartzitic zones (Hobbs and others, 1965,
p- 30-34). They described the thickness and distribution
of these zones in considerable detail. Their upper quartz-
ite zone is the transition member of the Prichard of this
report, their middle quartzite zone is member G of this
report, and their lower quartzite zone coincides approx-
imately with member E.

In the more quartzitic section north of Clark Fork,
Idaho, Harrison and Jobin (1963, p. 8-10, pls. 1, 2) di-
vided the Prichard Formation into a basal member more
than 15,000 ft (4,600 m) thick and dominated by quartz-
ite, a laminated argillite member 2,000-2,200 ft
(610-670 m) thick, and an upper argillite and siltite
member 800-1,000 ft (240-300 m) thick. These corre-
spond to the quartzite member, the upper member, and
the transition member, respectively, of this report. Har-
rison and Campbell (1963, p. 1417) presented average
modal mineralogic composition determined by X-ray dif-
fraction of quartzite, siltite, and argillite of the Prichard
near Clark Fork, Harrison and Grimes (1970) gave semi-
quantitative spectrographic analyses from the same
area, and Maxwell and Hower (1967) studied the
mineralogy of illite in samples from the Clark Fork area.
In eastern Washington, Miller (1974a, b, ¢, d) and Miller
and Clark (1975) described several units within the
Prichard Formation but did not map them. Webster
(1981) measured partial sections near Paradise, Mont.,
described and measured slump folds, and documented
the presence of turbidites. Finally, Finch and Baldwin
(1984) proposed a basin-wide chronocorrelation of the
Prichard and Aldridge Formations.

In British Columbia, the Aldridge Formation has
generally been divided into three parts. The lower
Aldridge consists of thinly to irregularly bedded rusty-
weathering argillite, the middle Aldridge consists of
gray quartzite and thinly bedded siltite and argillite
about 3,000 m thick, and the upper Aldridge consists
of 300-400 m of thinly bedded rusty-weathering argillite
and siltite (Hgy, 1982, p. 137). The middle Aldridge
Formation, which contains the world-class Sullivan lead-
zinc-silver deposits in its lower part, has been the
subject of much study, mostly by geologists of Cominco
Ltd. which operates the Sullivan mine. Little of this
work has been published, but Bishop and others (1970)
reported that the gray quartzites of the middle Aldridge
are turbidites and that the transport directions were
from south to north. Geologists of Cominco discovered
within the middle Aldridge 14 beds of finely laminated
argillite that are markers of regional extent (Thompson
and Panteleyev, 1976). These marker beds are correlated
on the basis of the pattern of banding that results
from differing amounts of carbonaceous matter.
Huebschman (1973) traced one of the marker beds about
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160 km from Clark Fork, Idaho, northward to near Cran-
brook, British Columbia. Edmunds (1977a) presented
abundant mineralogic and chemical data on 100 samples
of the Aldridge. Hgy (1978, 1979) mapped several units
within the Aldridge Formation in the Hughes Range
east of the Rocky Mountain trench in southeastern
British Columbia, measured current directions, made en-
vironmental interpretations, and presented evidence of
penecontemporaneous faulting. McMechan (1979, 1981)
also presented evidence of penecontemporaneous fault-
ing in southeastern British Columbia along deeply
rooted block faults that developed during rifting.

PRESENT INVESTIGATION

The principal area considered in this report, shaded
in figure 1, consists of the Sandpoint, Kalispell,
Spokane, and Wallace 1°X2° quadrangles and a nar-
row selvage to the east. This area includes all of the
identified exposures of the Prichard Formation except
for some intensively metamorphosed rocks in thrust
sheets immediately north of the Idaho batholith.}

This investigation was conducted largely as part of
the U.S. Geological Survey’s 1°X2° (1:250,000-scale)
mapping program. In the summers of 1979 and 1980
exposures of the Prichard Formation between Plains
and Perma, Mont., in the Wallace 1°X2° quadrangle
were mapped at a scale of 1:62,500 (Cressman, 1981,
1982, 1985; Harrison and others, 1986). The Prichard
of that area consists mostly of argillite and is similar
to the formation in its type area in the Coeur d’Alene
mining district. In the summers of 1981 and 1982 the
thick exposures of the Prichard Formation on both sides
of the Yaak River in the northwest corner of the
Kalispell 1°X2° quadrangle were mapped, and the
results were published at a scale of 1:48,000 (Cressman
and Harrison, 1986) and 1:250,000 (Harrison and others,
1983. The Prichard there consists largely of gray quartz-
ite turbidites interbedded with argillite and siltite.
Gently dipping exposures of the upper part of the
Prichard Formation east of Lake Koocanusa and the
much thicker and structurally more complex exposures
between Troy, Mont., and the 117th meridian were
mapped in 1983 and 1984, and the 1983 results were

lThePrichardFotmationhasbeenidentiﬁedinexposuresontheMiddleFurkoftheClear
water River between the Atlanta and Bitterroot lobes of the Idaho batholith (Reid and others,
1973), in the Anaconda Range of southwestern Montana (Emmonds and Calkins, 1913,
p- 37-39), and in the Highland Mountains south of Butte, Mont. (McMannis, 1963, p. 37-39;
Thorson, 1984). However, the exposures on the Middle Fork of the Clearwater are high-grade
metamorphics whose assignment to the Belt Supergroup is questionable (J.E. Harrison, oral
commun., 1987), and the rocks assigned to the Prichard in the Anaconda Range have more
recently been identified as contact- metamorphosed rocks of the Missoula Group (Elliot and
others, 1985). The rocks in the Highland s identified by McMannis as belonging
to the Prichard do closely resemble much of that formation in lithic character, and they are
in about the same stratigraphic position. However, these exposures are 240 km southeast
of the t exposures definitely identified as Prichard, and they are best treated as part
of the Helena embayment sequence.

published at 1:250,000 as part of the Kalispell 1°X2°
geologic map (Harrison and others, 1983). The summer
of 1985 and two weeks in 1986 were spent studying
other major outcrop areas and in making more detailed
observations in areas previously mapped.

Plate 1 shows the distribution of exposures of the
Prichard Formation in the report area and the locations
of the stratigraphic sections that are the basis of this
report. The sections are mostly more than 6 km thick,
the northern part of the area is largely covered by
glacial drift, most of the area is heavily forested, and
the structure commonly is complex. It is therefore im-
possible to measure lengthy, continuous stratigraphic
sections, and unit thicknesses have been determined

"almost entirely by measurement from maps. The source

of each major stratigraphic section is given in table 1.
Parts of the sections were measured locally by tape
where more detailed descriptions were required for
specific purposes.

This report is based almost entirely on field studies,
but several hundred thin sections from all parts of the
Prichard Formation were examined, and modes were
determined for most of them by point counts. However,
as noted by Harrison and Grimes (1970, p. 11), the fine
grain size of most of the rocks makes microscopic modal
analysis extremely difficult. Furthermore, the rocks
have been subjected to pervasive low-grade metamor-
phism, and the texture has undergone significant
changes. For these reasons I have not attempted any
systematic petrography. Semiquantitative spectro-
graphic analyses were obtained for rocks from the
Plains area. Harrison and Grimes (1970) have published
analysis of rocks from the more quartzitic phase of the
Prichard. I was aided in the summer of 1980 by P.G.
DeCelles and in the summer of 1982 by L.J. Saraka. I
am indebted to these men not only for their able
assistance but also for their friendship.

LITHOLOGY AND METAMORPHISM
METASEDIMENTARY ROCKS

The Prichard Formation, which has been regionally
metamorphosed to the greenschist facies, is within the
biotite or garnet zone everywhere except in Glacier Na-
tional Park where the rocks belong to the muscovite-
chlorite subfacies. Regional metamorphism was static;
the texture is granoblastic, and foliation is uncommon
except adjacent to major faults and Mesozoic or
Cenozoic intrusions. The rocks are fine grained, drab,
hard, and dense. Most workers in Belt terrane classify
the rocks of the Belt Supergroup as quartzite, siltite,
and argillite; that usage is followed in this report.
Inasmuch as the original clay minerals have been



LITHOLOGY AND METAMORPHISM 7

TABLE 1.—Sources of data in the stratigraphic sections

Section No.

Name

Sources of data

1A

10

11

11A

12

Siegel Mountain
Seepay Creek

McLaughlin Creek
Eddy Creek

Prospect Creek

Maple Peak

Pine Creek

Bear Creek

Stanton Mountain

Little Wolf Creek

Callahan Creek

Yaak River

Northwest Peak

Bead Lake

Thicknesses measured from Cressman (1981); lithologies from Cressman (1985).

Thicknesses of sedimentary section same as in section 1. Thicknesses and stratigraphic
positions of sills from unpublished map (scale 1:24,000) by R.L. Earhart and R.E. Van
Loenen (written commun., 1981) and from reconnaissance.

Thicknesses measured from Cressman (1981); lithologies from Cressman (1985).

Thicknesses from traverse up Eddy Creek in northeastern part of St. Regis, Mont.,
15-minute quadrangle; rocks not examined closely.

Section constructed from exposures in south haif of Cooper Guich, Idaho-Mont.,
15-mimute quadrangle; interval from member E to member G measured uphill from
exposures of member E in roadcut along Prospect Creek road 600 m north of Glidden
Gulch; member G measured in Cox Gulch; base of transition member located on Na-
tional Forest road to Driveway Peak; thickness of transition member, which was
measured along Cooper Gulch road, is approximate.

Member F measured and described in Bear Gulch in east-central part of Burke, Idaho-
Mont., 15-minute quadrangle; member G measured and described from roadcuts in
Bear Gulch and from natural exposures on Maple Peak north of Bear Gulch; member
H measured along ridge that extends east from Maple Peak and described from road-
cuts along National Forest road that parallels Idaho-Montana State line at head of
Butte Gulch; transition member measured along Idaho-Montana State line at the head
of Butte Gulch, Section east of Maple Peak may be faulted, and thickness of member
H is approximate.

Thickness of section and stratigraphic position of quartzites from structure section on
plate 1 of Hobbs and others (1965); lithology from reconnaissance.

Measured from roadcuts along logging roads and from natural exposures between Deep
Creek and Bear Creek in Seven Point Mountain, Mont., 7%2-minute quadrangle; con-
tact with Burke Formation from Harrison and others (1986). Member E may crop
out in inaccessible exposures on north side of Bear Creek.

Lower part generalized from section measured by R.E. Van Loenen (written commun.,
1984); upper part generalized from section measured by J.W. Whipple and J.C. Sam-
ple. Basal part exposed in McDonald Creek in western part of Glacier National Park;
remainder measured on Stanton Mountain, also in western part of Park. I have ex-
amined only part of section.

Composite of surface section 1,800 m thick and subsurface section penetrated by Gibbs
No. 1 borehole drilled by Atlantic Richfield and Marathon Oil Companies. Surface
section based on my mapping. Subsurface section based on geophysical logs and on
information on lithology from industry geologists. Subsurface section not corrected
for dip which is mostly less than 10° in upper three-fourths and less than 20° in lower
one-fourth of section. Subsurface section cut by Pinkham thrust, probably at about
base of member E, but the thrust probably repeats very little section. (Boberg, 1985,
located the Pinkham thrust at about 17,000 ft, or 5,200 m, and inferred a throw of
about 7,000 ft, or 2,100 m.) .

Upper half of section based on my mapping in Troy and Spar Lake, Mont., 7%2-minute
quadrangles; section from middle down to key bed B from traverse along ridge from
Smith Mountain west to Mt. Willard in north part of Mt. Pend Oreille, Idaho-Mont.,
15-minute quadrangle; basal part from map by Harrison (1969) and my reconnaissance
near Lunch Peak in west-central part of Mt. Pend Oreille quadrangle. Thickness of
interval from argillite member to upper member uncertain.

Section based on geologic mapping at scale of 1:48,000 (Cressman and Harrison, 1986);
position of sills is that on east side of Sylvanite anticline near Yaak River.

Placement of sills and key beds based on my mapping in Northwest Peak, Mont.,
7%-minute quadrangle (Cressman and Harrison, 1986) and on mapping by Burmester
(1985) in Canuck Peak, Idaho-Mont., 7v2-minute quadrangle.

Based on descriptions and mapping (scale 1:62,500) by Miller (1974a, b, ¢, d) sup-
plemented by reconnaissance.
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TABLE 1.—Sources of data in the stratigraphic sections—Continued

Sources of data

Section from description and mapping by Miller and Clark (1975, p. 4-6; pls. 1, 2) sup-

Section No. Name

13 Chewelah

14 Katka Face

15 Upper Whitefish Lake

16

plemented by reconnaissance. Position of sills with respect to quartzite-bearing part
of section from ridge that extends southeast from Chewelah Mountain (Miller and
Clark, 1975, pl. 1); middle sill of Miller and Clark (1975, pl. 1) assumed to be same
as upper sill that trends along Cottonwood Divide (Miller and Clark, 1975, pl. 2) because
both sills are within quartzite section; thickness from this sill to top of Prichard For-
mation from Miller and Clark (1975, pl. 2); lower part of section and lowest sill from
roadcuts along logging road in sec. 4, T. 31 N., R. 42 E,, northeast of Nelson Peak
(Miller and Clark, 1975, pl. 2); upper part of section examined in roadcuts in sec. 30,
T. 32 N,, R. 42 E. Excellent exposures of quartzite-bearing section along Flowery Trail
road, sec. 5, T. 32 N., R. 42 E. Prichard Formation in this area is overturned, faulted,
and intruded by quartz monzonite of Cretaceous age. Although sequence shown in
stratigraphic section is probably correct, thicknesses are approximate. Metamorphic
recrystallization of micas and bedding-plane shearing have destroyed sole marks.

Section based on mapping of Moyie Springs, Curley Creek, Leonia, and Clefty Moun-

tain, Idaho, 7%-minute quadrangles by R.F. Burmester (1986). Parts of section are
well exposed along Katka Face road.

Section from exposures in sec. 3, T. 33 N., R. 23 W, and secs. 16, 17, and 21, T. 34

N., R. 33 W, on east side of Upper Whitefish Lake. Whitefish Lake, Mont., 7¥2-minute
quadrangle. Thicknesses from mapping by Whipple and Harrison (1987); lithology
from reconnaissance. Member H traversed by fault, and thickness is estimated.

Section from exposures on north side of valley of South Fork of Coeur d’Alene River

between Kellogg and Osburn, Idaho; thicknesses uncertain because of complex struc-
ture; thicknesses shown measured from Terror Gulch on plate 3 of Hobbs and others
(1965); dip taken as 42°, which is average dip of Prichard Formation in section B-B’,
Hobbs and others (1965, pl. 2); base of member D approximately at north abutment
of bridge over South Fork of Coeur d’Alene River; top of member E about 1,000 m

up Terror Gulch.

recrystallized, argillite refers to rocks that consist most-
ly of phyllosilicates rather than to rocks that consist
of clay-size material.

Mesozoic compression and intrusion superposed
dynamic metamorphism on the earlier static metamor-
phism in the westernmost and southernmost parts of
the area, and rocks of the Prichard Formation there
have been converted to mica schist, biotite-quartz-
plagioclase gneiss, and quartzite. These occur in the
shaded outcrop areas on plates 1 and 2. Most of the
schists are of the greenschist facies, but based on the
mapping of isograds by Hietanen (1968, pl. 2) and the
identification of formations by Harrison (Harrison and
others, 1986), some are of the amphibolite facies and are
in the sillimanite-kyanite zone. The Aldridge Formation
in Canada has also been metamorphosed mostly to the
greenschist facies, though some rocks there attain the
amphibolite grade (Monger and Hutchinson, 1971).

The following discussion applies only to the statical-
ly metamorphosed rocks that make up the bulk of the
Prichard Formation.

The mineralogic compositions of quartzites, siltites,
and argillites of the Prichard and Aldridge Formations

compiled from various sources are given in table 2. In
columns 3 through 6, 8, and 10, which are based on point
counts of thin sections, quartz and plagioclase are com-
bined because X-ray diffraction shows that the plagio-
clase (mostly albite) content is generally underestimated
in thin sections (Harrison and Campbell, 1963, p. 1416,
table 1). Note that ““argillite” as used in column 11 in-
cludes both argillite and siltite, so the results in that
column are not directly comparable to the other
argillites listed. Table 3 gives the chemical composition
of rocks from the two formations. Where the analyses
are for single samples, the mineralogic compositions
determined by J.E. Harrison from X-ray diffraction are
also given. Again, “argillite” as listed in column 11 in-
cludes both argillite and siltite.

The quartzites of the Prichard and Aldridge Forma-
tions, based on their mineralogic composition and tex-
ture, would be classified as graywackes by most
definitions of that term. Feldspar constitutes one-third
to one-fourth of the detrital grains. The matrix, now
metamorphosed to sericite, biotite, and chlorite, makes
up from 10 to nearly 50 percent by volume of the rock,
and the detrital fraction is generally very fine to fine
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TABLE 2.—Mineralogic composition of rocks from the Prichard and Aldridge Formations

[X, mean; 5, standard deviation; leaders (--), not determined]
Quartzite Siltite Argillite
Composition 1 2 3 4 5 6 7 8 9 10 11
% F % El
Quartz ........ 63 60.3 11.32 41 30 35.0 17.30
58 66 61 i 54 26
Plagioclase .. ... 21 22.7 8.65 24 19 175 7.87
K-feldspar ..... Trace 03 054 O Trace 0 Trace 2 Trace Trace 0 1.5  4.02
Biotite ........ 2 5.8 5.79 10.5 6 6.5 Trace 9 21 10 22 15.4 9.90
Chlorite . ....... 5 0.5 0.76 Trace Trace 10.5 0 4 2 8 2 0.7 1.74
Muscovite ..... 2.2 1.95 0 4 11.5 23 - 0 - 0 2.6 4.08
Sericite ........ 9 6.9 689 31 21 10 20 24 33 47 23.3 13.60
Graphite? ...... -- 01 035 0 0 0 0 -— Trace -- Trace 1.5 1.92
Feores ........ -— 0.5 0.83 Trace Trace Trace Trace -- Trace - Trace 1.1 1.28
Sphene ........ - 0.2 0.37 Trace Trace Trace Trace -- Trace -- Trace 04 074
Carbonate ... ... Trace 06 165 0 Trace 0 0 _0 0 Trace 0 1.1 241
Total ...... 100 100.1 -- 99.5 97 99.5 100 100 101 100 97 100.1 --

Column: 1. Average of 6 samples from Pend Oreille Lake area, Idaho; determined by X-ray diffraction supplemented by flame photometer analysis for K

and Na; Harrison and Campbell (1963, p. 1417).

2. Mean and standard deviation for samples from the Aldridge Formation near Kimberly, British Columbia, Canada; Edmunds (1977a).
3. Average of 4 samples from the Yaak area, Montana; determined by point count.
4. Average of 6 samples from outcrop area west of Moyie thrust; determined by point count; two samples contain 18 and 11 percent albite and 66

and 58 percent quartz.

5. Average of 2 samples from Cooper Gulch, Idaho-Mont., 15-minute quadrangle; determined by point count.
6. Average of 5 samples from member E; determined by point count.
7. Average of 7 samples from Pend Oreille Lake area, Idaho; determined by X-ray diffraction supplemented by flame photometer analysis for K

and Na; Harrison and Campbell (1963, p. 1417).

8. Average of 6 samples from Yaak area, Montana; determined by point count.
9. Average of 11 samples from Pend Oreille Lake area, Idaho; determined by X-ray diffraction supplemented by flame photometer analysis for K

and Na; Harrison and Campbell (1963, p. 1417).

10. Average of 6 samples from the Yaak area, Montana; determined by point count.
11. Mean and standard deviation for samples from near Kimberly, British Columbia, Canada; Edmunds (1977a); includes siltite.

grained and poorly sorted. In comparing these per-
centages with those of younger, unmetainorphosed
rocks it should be remembered that the rocks of the
Prichard and Aldridge are nearly totally consolidated
and that some of the phyllosilicates may originally have
been framework grains rather than matrix. The quartz-
ites of both formations contain more SiO, and less
Al,O; than do the graywackes listed by Pettijohn
(1963, tables 6-8) and are more similar in that respect
to his arkoses and subarkoses. Conversely, the gray-
wackes are similar to those listed by Pettijohn (1963,
figs. 2, 3) in that the Na,O/K,O ratios of the quartzites
are greater than 1, whereas the ratio is less than 1 in
the associated argillites.

By Gilbert’s 1954 (p. 292, 293) classification the
quartzites are feldspathic wackes, but if most of the
matrix was orginally deposited as rock fragments, as
some observations suggest, the quartzites would have
been lithic wackes before diagenesis and metamorphism.

Because of metamorphic recrystallization, both
siltites and argillites of the Prichard Formation consist
of grains that are mostly of silt size, though
mineralogically the argillites consist mostly of

phyllosilicates and undoubtedly originated as shales.
Most of the argillite occurs in graded siltite-argillite
couplets or as laminae and thin beds that alternate with
siltite layers.

Table 4 compares the chemical composition of
argillites of the Prichard and Aldridge Formations with
that of Archean and Early Proterozoic shales (mostly
metamorphosed to the lower greenschist facies) from
the Canadian shield and of Phanerozoic shales from a
wide variety of localities. The Prichard and Aldridge
argillites are very similar in composition to the Early
Proterozoic shales of the Canadian shield, but they con-
tain more SiO,, more Na,O and K,O, and less combined
FeOand Fe,O3 than do the Phanerozoic shales. Most
of these differences reflect the greater total silt content
and the more abundant feldspar of the Prichard and
Aldridge. The marked difference in composition be-
tween the Archean and the Proterozoic shales probably
reflects more mature weathering and increasing dif-
ferentiation of the source igneous rocks (Cameron and
Garrels, 1980, p. 184, 185). The Nay,O/K,0 ratio of the
Aldridge argillites is 0.42 and of the Prichard argillites,
0.40; these are greater than that of 0.34 for the
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TABLE 3.—Elemental and mineralogic composition of rocks from the Prichard and Aldridge Formations
[X, mean; &, standard deviation; leaders (--), not determined]

Quartzite Siltite Argillite
Composition 1 2 3 4 5 6 7 8 9 10 11
z S £ 3
Si0g ... .. 83.90 78.893 5.738 70.82 79.74 7959 77.10 65.05 65.62 67.04 64.68 64.162 3.219
Al 0 ... ..., 8.45 9415 2826 14.88 11,52 10.64 11.15 18.10 17.95 17.54 18.09 16.055 2.762
Fe,O ......... 87 -- - .76 1.26 60 140 223 .95 1.63 99 - -
FeO ........... 72 2,435 1.073 3.38 63 207 225 240 3.77 235 3.714 4.606 1.198
MgO .......... .36 0.778 458 1.11 .58 .70 1.01 1.35 1.41 1.65 1.68 -- -
CaO ........... 11 1.359 1.080 .69 .01 .15 .13 .24 .18 21 .32 1.962 1.817
Na,0 .......... 2.81 2.439 997 230 282 201 2.33 1.85 211 1.26 1.69 1.723 .673
KO ........... 1.47 1.476 .667 3.64 1.84 233 191 479 420 359 4.60 4.136 1.166
HO+ ......... b4 - - 1.45 .89 1.12 1.73 2.87 2.74 3.27 2.73 -- -
HO- .......... .08 -—- - .03 .12 01 .03 27 .08 .33 09 - -
TiO, .......... .38 .409 .136 .56 .35 .36 .38 .69 .70 .61 72 .681 .168
PO, .......... 04 - - .07 .02 .03 .06 .02 .08 .01 07 —- —
MnO .......... 03 -- - .06 .02 04 .04 .06 .05 .06 07 - -
CO, ....... ... 01 - - .02 01 .02 .06 .01 .02 01 Jd4 - -
SO5 ....vuv.. - e e e e e e e e
Quartz ........ 61 - - 46 54 53 41 35 20 39 28 - -
K-feldspar ..... - - - - - - - - - - 3 - -
Plagioclase . .... 26 - - 22 23 22 19 20 18 12 19 - -—
Biotite ........ 3 - - 8 6 6 - 5 10 4 8 - -
Chlorite ........ -_ - - - - - 20 - 21 20 15 - -
Sericite ........ 10 - - 24 10 19 20 38 31 25 27 - -

Column: 1. Quartzite from member G, Hot Springs, Mont., 7%-minute quadrangle. E.L. Brandt, analyst.

2. Mean and standard deviation for quartzites of the Aldridge Formation, near Kimberly, British Columbia, Canada. Edmunds (1977a).
3. Siltite from member E, Plains, Mont., 15-minute quadrangle. E.L. Brandt, analyst.
4, Siltite from member G, Hot Springs, Mont., 74-minute quadrangle. E.L. Brandt, analyst.
5. Siltite from quartzite member, Clark Fork, Idaho-Mont., 15-minute quadrangle. George Riddle, analyst.
6. Siltite from quartzite member, Packsaddle Mountain, Idaho, 15-minute quadrangle. George Riddle, analyst.
7. Dark- and light-gray laminated argillite from quartzite member, Packsaddle Mountain, Idaho, 15-minute quadrangle. R.T. Okamura, analyst.
8. Dark- and light-gray laminated argillite from near top of quartzite member, Clark Fork, Idaho-Mont., 15-minute quadrangle. R.T. Okamura, analyst.
9. Dark- and light-gray laminated argillite from member H, Lonepine, Mont., 7%2-minute quadrangle. E.L. Brandt, analyst.

10. Dark- and light-gray laminated argillite from upper member, Packsaddle Mountain, Idaho, 15-minute quadrangle. D.F. Powers, analyst.

11. Mean and standard deviation for argillites and siltites of the Aldridge Formation, near Kimberly, British Columbia, Canada. Edmunds (1977a).

TABLE 4.—Comparison of major-element composition of shales of Archean, Proterozoic, and Phanerozoic ages

Composition Archean! Proterozoic Phanerozoic®
Canadian __ Early! Middle
Shield Canadian Shield Prichard Fm? Aldridge Fm®

SiO, ... 60.52 65.00 67.79 66.63 63.11
AlLOs .............. 17.63 16.22 18.52 16.68 18.80
Fe,O3 ... ... 7.91 6.37 5.01 5.32 7.79
MgO .............. 3.45 2.51 1.50 2.55 3.11
CaO ............... 2.16 0.52 0.25 2.04 0.07
Na,O .............. 2.62 1.44 1.79 1.79 1.27
KO ............... 2.84 4.83 4.44 4.30 3.69
TiOy ... 0.76 0.76 0.70 0.71 0.89

Total ........... 97.89 97.65 100.00 100.02 98.73

Cameron and Garrels (1980, table 3); rocks have been metamorphosed to lower greenschist facies (Cameron and Jonasson, 1972, p. 987-988).
2Mean of four argillite samples in table 3, recalculated to 100 percent.
3Column 11, table 3; argillite and siltite; recalculated to 100 percent.

4FeO and Fe,0, as Fe,0,.
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Phanerozoic shales and 0.30 for the Early Proterozoic
shales, which perhaps reflects less intense weathering
in the source area of the Prichard.

METAMORPHISM

Common minerals in the Prichard Formation are
quartz, albite, oligoclase, chlorite, biotite, and sericite.
These are typical of the quartz-albite-epidote-biotite
subfacies of the greenschist facies (Fyfe and others,
1958, p. 223). The quartz is present as detrital silt and
sand grains, but solution, overgrowth, and suturing
have so altered grains that original shapes are seldom
apparent. Oligoclase is present in amounts of less than
a few percent, and most of the plagioclase consists of
untwinned albite that is difficult to distinguish from
quartz in thin section and is most readily detected by
X-ray diffraction (Harrison and Campbell, 1963, p. 14186,
table 1). Microcline and garnet are present in only a few
samples. Biotite occurs as randomly oriented anhedral
flakes that average about 40 um in diameter. Biotite is
nearly ubiquitous, but it is most common in argillic
siltite and silty argillite. The material herein termed
sericite has been identified near Pend Oreille Lake by
Maxwell and Hower (1967) and near Alberton by Wells
(1974) as the 2M polymorph of illite, probably converted
during metamorphism from 1Md illite such as that pres-
ent in the upper part of the Belt Supergroup (Maxwell
and Hower, 1967). Chlorite, which is seen in section as
randomly oriented poikiloblastic laths several milli-
meters long, is present in many beds. Minor constitu-
ents include carbonaceous matter, pyrite, pyrrhotite,
magnetite, tourmaline, and sphene. According to
Huebschman (1973, p. 691), the carbonaceous matter
could not be detected by X-ray diffraction and probably
is amorphous.

Both the grain size and the disorientation of the
sericite increase downsection. Near Plains, Mont., the
sericite flakes near the top of the Prichard Formation
average less than 10 um in diameter and few exceed
20 pm; the sericite exhibits a preferred but far from
perfect orientation parallel to the bedding. Near the
base of the section many sericite flakes exceed 40 um
in diameter, and their orientation is random (Cressman,
1985, p. 78). In the exposure of the Prichard Formation
north and south of the Yaak River north of Troy, Mont.,
sericite flakes near the top of the section average
10-15 pm in diameter and reach a maximum of 20 um;
at the base the average diameter is 60 um and the max-
imum is 120 pum.

The most common mineral assemblage in the quartz-
ite is quartz-albite-sericite-biotite. The most common
assemblage in argillite is also quartz-albite-sericite-
biotite; quartz-albite-sericite-chlorite-biotite is less

common, and a quartz-albite-sericite-chlorite-biotite-
garnet assemblage is present in argillite of member D
of the Prichard Formation in the Plains-Perma area of
Montana (see plate 4 for stratigraphic nomenclature).
I have not determined the composition of these garnets,
but the relatively high manganese content of member
D suggests that the garnet is spessartine, which is
stabler at lower temperatures than are other garnets
(Hsu, 1968). A quartz-albite-biotite-sericite-calcite
assemblage is present locally in the upper part of the
Prichard. Microcline, dolomite, quartz, and biotite occur
together in part of section 9, but I do not know the com-
plete assemblage.

Widely spaced, nearly white quartzite lenses several
centimeters thick and several meters long that contain
garnet and chlorite or hornblende and, locally, calcite
(J.E. Harrison, written commun., 1987) occur in several
parts of the section. The rock consists of sutured silt-
sized to very fine sand sized quartz grains, poikiloblastic
garnet, and chlorite or hornblende, in part poikiloblastic,
in laths several millimeters long. The most conspicuous
exposures are in roadcuts through the upper member
of the Prichard Formation on the east side of Lake
Koocanusa where the sparse white quartzite layers con-
trast with drab, rusty-weathering argillite of the upper
member. These lenses occur in the same stratigraphic
position as far west as the exposures immediately west
of Yaak, Mont. One thin section of a lens from near Lake
Koocanusa consists of quartz, hornblende, garnet, and
minor albite. Near Plains similar lenses occur near the
base of member E. A thin section from there consists
of quartz, chlorite, and garnet. Also near Plains, some
slump-fold units in member B are directly underlain by
quartzite lenses; a sample from one lens that was ex-
amined in thin section consists of quartz, andesine,
hornblende, and garnet. Finally, a white quartzite lens
at the top of a quartzite turbidite bed from exposures
west of Troy and north of Pend Oreille Lake consists
of quartz, garnet, epidote, and actinolite. This lens is
from about 3,500 m below the top of the Prichard
Formation.

Most of the assemblages in the white quartzites sug-
gest the quartz-albite-epidote-almandine subfacies of
the greenschist facies (Fyfe and others, 1958, p. 223),
though the andesine in one of the samples from near
Plains suggests the amphibolite facies. The mineral
assemblages in the lenses suggest a slightly higher
grade than that of the surrounding rock, and the lenses
may have been closed systems. The positions of these
assemblages on ACF and AKF diagrams suggest that
the protolith was dolomitic siltite.

As noted above, generally random orientation of
biotite and chlorite porphyroblasts and the increasing-
ly random orientation of sericite downsection indicate
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that the regional metamorphism was static. Peale (1893,
P. 19) noted early that metamorphosed rocks of the Belt
Supergroup are overlain unconformably by the
unmetamorphosed Flathead Quartzite, and the regional
metamorphism was therefore of Proterozoic age (Har-
rison, 1986). Metamorphic biotite from the upper
500-1,300 m of the Prichard Formation north of Alber-
ton, Mont., gave a K-Ar age of 1,330+45 Ma
(Obradovich and Peterman, 1968). This is the age at
which the biotite last cooled below the argon-retention
temperature, which is 250-350 °C for a cooling rate of
30 °C/m.y. (Dodson and McClelland-Brown, 1985). Ap-
proximately the same part of the section is dated as
younger than 1,433+30 Ma by the Crossport C sill
(Zartman and others, 1982). Therefore, the age of burial
metamorphism for the Prichard is between 1,330+45
Ma and 1,433+30 Ma.

Precambrian metamorphism was accompanied by
more severe folding in British Columbia than south of
the 49th parallel, and at places a spaced cleavage
developed (McMechan and Price, 1982, p. 483). The
Hellroaring Creek stock that intruded metamorphosed
and folded rocks of the Aldridge Formation (Leech,
1962) has been given a minimum age of 1,305+52 Ma
by the Rb-Sr whole-rock isochron method (Ryan and
Blenkinsop, 1971; McMechan and Price, 1982, p. 481).

The temperature gradient during metamorphism is
inferred in figure 3. The stratigraphic column of the Belt
Supergroup is composite; that part from the Mount
Shields Formation down is for the area between the
Ninemile and St. Marys faults (fig. 32), and the part
from the Mount Shields up is for the central part of the
Wallace 1°X2° quadrangle. The ranges of the metamor-
phic minerals are from Wells (1974), Harrison (written
commun., 1986), and this paper. The upper limit of
metamorphic chlorite in this section is not known, but
near Alberton chlorite extends to the top of the Garnet
Range Formation (Wells, 1974), which is approximate-
ly equivalent to the upper part of the Libby Formation.

The rocks of the Belt Supergroup are now nearly com-
pletely consolidated, but at the end of Belt deposition
the upper part of the section must have been more
porous and thicker than at present. In the Elmore No.
1 borehole in the Salton Sea geothermal field in Califor-
nia, porosity at the top of the biotite zone is about 5
percent, but it increases to 15-20 percent in the chlorite
zone (McDowell and Elders, 1980). I have therefore
assumed by analogy with the Elmore No. 1 borehole
that the Belt section above the biotite zone had a porosi-
ty of 20 percent at the end of Belt deposition and that
the porosity at the top of the biotite zone was 5 per-
cent at the end of Belt deposition. The present-day
porosity at the top of the Libby is taken as 5 percent.
The porosity-depth curve down to a depth of 5,000 m

is from the COST B-2 well drilled near the edge of the
Atlantic continental shelf off Delaware (Watts, 1981,
fig. 8); below a depth of 5,000 m, the curve is projected.
The porosity-depth curve has been positioned so that
20 percent porosity coincides with the top of the Libby
Formation in the decompacted section and 5 percent
porosity with the top of the biotite zone. The top of the
curve, and thus the top of the Belt Supergroup at the
end of deposition, is about 2,000 m above the present
top of the section. Thus the original thickness of the
Belt is estimated to have been at least 19,000 m.

The temperature-depth curve at the end of Belt time
in figure 3 was constructed from temperatures inferred
from the ranges of the metamorphic minerals. The ther-
mal gradient given by the curve in the top 1 km is
1X10-3 °C/cm (5.5 °F/100 ft). Gradients this high have
been reported from the Canadian cordillera but not from
the conterminous United States (American Association
of Petroleum Geologists and U.S. Geological Survey,
1976). For the entire thickness of 19 km the gradient
averages 0.19X1073 °C/cm (1.1 °F/100 ft).

The argon-retention temperature for biotite at the
horizon sampled by Obradovich and Peterman (1968)
is to the left of the temperature-depth curve. This sug-
gests that the K-Ar date of 1,330%+45 Ma for the
metamorphic biotite may be slightly younger than the
time of metamorphism.

SILLS

Sills of basic to intermediate composition that range
in thickness from less than 1 m to as much as 600 m
have intruded the Prichard and are common wherever
the middle and lower parts of the formation are exposed.
I have not studied these rocks, and the following is
taken from Bishop’s (1973) description of sills that crop
out near Crossport, Idaho, on the banks of the Kootenai
River opposite the mouth of the Moyie River.

The sills are composed of dark-gray to greenish-black
very dense gabbro, diorite, quartz diorite, and grano-
phyre with an igneous texture that is well preserved
despite deformation and metamorphism (Bishop, 1973,
p. 24). The idealized sill was described as follows by
Bishop (1973, p. 32):

An idealized Crossport sill is composed of a basal chilled gabbro that
grades upward with increasing grain size to diabase. Overlying the dia-
base, again with gradational contact, are medium to coarse grained
rocks with subophitic or gabbroic texture that make up the bulk of
a sill. The upper chilled gabbro is gradational downward to diabase sim-
ilar in texture to the lower diabase; however, the contact between the
upper diabase and the coarse grained rock may be irregular and sharp.
The basal chilled gabbro and diabase may comprise as much as 10 per-
cent of the sill thickness; the central, medium to coarse-grained rock
usually gradational from gabbro to quartz diorite may represent as

much as 85 to 90 percent of the total thickness, and the upper diabase
and chilled gabbro seldom exceeds 5 percent of the total thickness.
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Major minerals in the sills are calcium amphiboles of
the hastingsite group, plagioclase, quartz, biotite, and
ilmenite; the range of primary plagioclase composition
is from Ang, to An;, (Bishop, 1973, p. 35, 40). Any
magnetite originally present was destroyed by
autoalteration, and the sills are nonmagnetic.

According to Bishop (1973, p. 41) chemical analyses
indicate that the original magma was basaltic; norma-
tive quartz and hypersthene characterize the basalt as
oversaturated tholeiite, and the rock has a low alkali
content characteristic of continental tholeiites.

STRATIGRAPHY

NOMENCLATURE

This report follows Calkins (1909) and all subsequent
reports in applying the name Prichard Formation to all
metasedimentary rocks of the Belt Supergroup within
the report area that lie below the Ravalli Group. As so
used, the formation comprises the two major facies
noted by Calkins—the section dominated by banded
argillite that is present in the type area and extends
from Perma, Mont., west to Lake Coeur d’Alene and the
section containing abundant gray quartzite that ex-
tends from Pend Oreille Lake north to Canada and from
Yaak, Mont., in the bend of the Kootenai River, west
to Chewelah, Wash. Rocks of each facies were divided
into informal members during geologic mapping.

The dominantly argillite section between Plains and
Perma, Mont.,, was divided into eight members
designated A through H, all of which are mappable at
a scale of 1:62,500 (Cressman, 1981, 1985) (pl. 4, secs.
1 and 2). In this report, about 550 m of beds in the Plains
area that overlie member H and that were previously
included in the overlying Burke Formation (Cressman,
1985, p. 37-42) are placed in the Prichard Formation
as the transition member to make the contact of the
Prichard and Burke Formations accord with its place-
ment in the type area of the Prichard. This nomen-
clature of nine members, developed in the Plains-Perina
area, is applicable throughout the area of the argillite
facies, though not all members are present throughout
the entire extent.

Exposures of the quartzite-bearing facies both north
and south of the Yaak River were divided during map-
ping at a scale of 1:48,000 (Cressman and Harrison,
1986) (pl. 4, sec. 11) into a quartzite member, a massive
member, an argillite member, an upper member, and the
transition member. The quartzite member, which makes
up most of the formation, consists of about 65 percent
quartzite. The massive member is intercalated in the
lower part of the quartzite member, and the argillite

member is intercalated in the upper part of the quartz-
ite member. The quartzite member is overlain by

_argillite of the upper member which is in turn overlain

by the transition member. The massive member is of
local extent, but otherwise this terminology can be ap-
plied throughout the quartzite-bearing facies.

The above nomenclature, developed by the exigencies
of geologic mapping, is used throughout this report. The
nomenclature is clumsy and is not in accord with the
North American Stratigraphic Code in that the
Prichard Formation includes sections of considerably
different aspect. A glance at the lines of section (pl. 4)
will suggest more appropriate nomenclature to many
readers. Nevertheless, I have not attempted to change
the nomenclature because this is a reconnaissance study
and because any significant revision should be made in
consultation with other geologists interested in these
rocks and in concert with our Canadian colleagues.

The sills within the Prichard Formation were referred
to as the Moyie sills by Kirkham and Ellis (1926) and
by Erdmann (1941, p. 11). However, the name is inap-
propriate in that Daly (1905), who coined the term, ap-
plied it to a thick sill (or group of adjacent sills; Daly,
1912, p. 22) that crops out on Moyie Mountain (Border
Mountain) on the international border just west of
Eastport, Mont., and not to all sills that intrude the
lower part of the Belt. Schroeder (1952, p. 21, 22) named
the sills in the outcrop area northeast of Newport, Wash.,
the “Marshall diorite”, but the name was not used by
Miller (19744, b, ¢, d) who remapped the area nor by
anyone else. Bishop (1973) applied the name Purcell, in-
troduced by Schofield (1915, p. 56) for all sills in the
Purcell Supergroup, to sills on the United States side
of the border. However, most workers south of the 49th
parallel have followed Calkins’ (1909) lead in not apply-
ing any name, and that practice is followed in this report.

ARGILLITE FACIES
MEMBERS A AND B

Members A and B of the Prichard Formation were
mapped and described in the outcrop area between
Plains and Perma, Mont. (Cressman, 1981; 1985,
p- 9-18) (pl. 1), where they crop out in the cores of
several faulted anticlines. Both members consist mostly
of closely spaced, graded couplets from less than one
to several centimeters thick of siltite and argillite; siltite
is dominant. Member B differs from member A in that
it contains abundant syndepositional slump folds, and
the contact between the two members was placed at a
diorite sill below which slump folds are uncommon. In
this paper members A and B are discussed together.
Their areas of outcrop are shown on plate 2.









Prichard Formation (part):—Continued
Member B (part):—Continued

30.
29.

28.
27.
26.
25.

24,

23.
22.

21.
20.

19.

18.

17.

16.

15.

14.
13.
12.

11.
10.

. Inaccessible or covered

Covered ......... ... .. .. ... ... ... ...,
Quartzite; lower half is single bed; upper half con-
sists of several beds, each of which grades up-
ward to argillite
Argillite, well-cleaved
Quartzite, medium-gray, in single bed
Argillite, well-cleaved
Very thinly interlaminated and interbedded siltite
and argillite, in graded couplets 1-3 em thick;
siltite is planar laminated .............. ..
Composite slump sheet: Interlaminated and very
thinly interbedded siltite and argillite, mostly
in graded couplets; unit consists of several
stacked recumbent slump folds
Covered ........... ... ... ... ... ...
Interlaminated and very thinly interbedded siltite
and argillite, mostly in graded couplets . ...
Covered ................ .. ... ...
Interlaminated and very thinly interbedded siltite
and argillite, mostly in graded couplets . ...
Composite slump sheet: Similar to unit above, but
consists of stacked recumbent slump folds .
Interlaminated and very thinly interbedded siltite
and argillite, mostly in graded couplets; bed 1
cm thick that consists of quartz, andesine, horn-
blende, and garnet is 0.3 m below top
Interlaminated and very thinly interbedded siltite
and argillite, mostly in graded couplets; bedding
contorted in upper 1 m; low-angle discordances
between beds in lower 3 m; unit is probably a
syndepositional slump
Very thinly interbedded siltite and argillite, in
graded couplets 3-4 cm thick; siltite laminated
impart ........ ... L
Slump fold: Siltite and argillite similar to unit
above ... ... ... ... .l
Similar to unit 16; contains some sulfide laminae
Covered ................ ... ... .. ...,
Interlaminated and very thinly interbedded siltite
and argillite, mostly in graded couplets . ...
Covered .......... ... ... ... o ...
Interlaminated and very thinly interbedded siltite
and argillite, mostly in graded couplets . ...

. Composite slump sheet: Interlaminated and very

thinly interbedded siltite and argillite, mostly
as graded couplets; unit consists of two slump
folds

. Interlaminated and very thinly interbedded siltite

and argillite, in graded couplets 1-2 cm thick;
siltite, which is dominant, is laminated . ...
Composite slump sheet: Argillite, silty, medium-
dark-gray, hard; bedding obscure, but locally ex-
hibits both contorted and planar laminae . . .

. Interlaminated and very thinly interbedded siltite

and argillite, in graded couplets 2-8 cm thick;
siltite is medium gray, argillite is medium light
gray; a few siltite layers channel argillite below,
and a few are cross-laminated

. Similar to unit above, but contains slump fold

1.6 m thick, 5 m above base

STRATIGRAPHY

Thickness

(meters)

1.2

0.9
0.1
0.8
1.2

2.6

10.3
5.5

2.0
1.6

0.4

13.0

2.7

4.0

0.7
1.0
5.9
27.0

1.5
5.8

2.5

2.0

3.1

14.0
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Prichard Formation (part):—Continued
Member B (part):—Continued

3. Slump fold: Argillite, silty, medium-gray; forms
single bed; locally contains both contorted and

planar laminae

2. Inaccessible or covered

1. Interlaminated and very thinly interbedded siltite
and argillite, in graded couplets 2-8 cm thick;

siltite is medium gray and very locally cross-
laminated and locally channels underlying
argillite; argillite is medium light gray

Thickness

(meters)

194

In Measured Section 1 slump folds are most abundant
in an interval of about 150 m below the quartzite unit.
Similarly, slump folds are more common in the upper-
most 100-150 m of member B, immediately below
quartzites of member C, than they are in the rest of the
member. This suggests that the quartzites were
deposited in channels on the submarine slope that grew
headward by slumping until they tapped a reservoir of
shelf sand (Farre and others, 1983).

The direction of slumping can be inferred by deter-
mining the attitude of the axial surface of the slamp
fold when the adjacent unslumped beds are rotated to
horizontal. The direction of slumping is opposite to the
dip direction of the rotated axial surface (Woodcock,
1976, p. 171, 172). Slumps are commonly arcuate, pro-
grading slopes may be irregular, and the angle between
the axial surface of the stump fold and the adjacent bed-
ding is commonly small and difficult to measure ac-
curately. Therefore, many folds must be measured for
the results to have any regional significance.

Forty-seven slump folds were measured in the ex-
posures southeast of Plains. Of these, 24 are north of
the St. Marys fault and 23 south of the fault. On plate
2 the poles of the axial surfaces after rotation of bed-
ding to horizontal are plotted on the lower hemispheres
of stereographic projections. Statistical computations
after the method of Fisher (1953) as elaborated by
Steinmetz (1962) and Lindsey (1972, p. 31, 32) give the
following mean pole directions: (1) North of St. Marys
fault; azimuth = 123°, dip = 78°; and (2) south of St.
Marys fault; azimuth = 85°, dip = 84°. These azimuths,
which are the inferred direction of slumping, differ by
38°. J.E. Harrison (oral commun., 1985) considers that
fold axes south of the St. Marys fault have been rotated
counterclockwise about 40 °. This would explain the dif-
ferences in the inferred slump directions. However, the
radius of the spherical circle of confidence, P = 0.95,
is 8.5° for the pole north of the fault and 10° for that
south of the fault; the two circles have considerable
overlap, and the difference between the two mean slump
directions is not significant.

Angular unconformities of a few degrees may be seen in
a few excellent exposures of both members A and B. These
may have originated as surfaces stripped by slumping.
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The rocks of member B exposed 7 km east-southeast
of Kellogg, Idaho (pl. 2), contain slump folds that are
smaller and less abundant than those near Plains.
Several slump folds in the upper part of the member im-
mediately behind the Miners Monument are about 0.3
m thick; they make up only a small part of the total ex-
posure. I was unable to measure enough axial planes in
these exposures to determine the direction of slumping.

The origin of the slump folds is discussed in Cressman
(1985, p. 52-54) where it is concluded that they probably
formed on the upper part of the depositional slope. The
triggering mechanisms could have been oversteepening
by progradation, loading by earthquake waves or by
storm waves, or reduction of sediment shear strength
through rapid loading or through the production of
gases during diagenesis. Some slump folds are underlain
by a thin layer of quartzite that contains garnet and
hornblende; for example, note bed 18 in Measured Sec-
tion 1. Bed 18 probably was calcareous or dolomitic
before metamorphism. Anaerobic decay of organic mat-
ter may have produced the carbonate; continued decay
may have resulted in the production of methane, and
these gases could have reduced the shear strength suf-
ficiently to initiate slumping.

Siltite and argillite of both members A and B have
been tourmalinized at six localities in the Plains area.
Of these localities, all but one are within 1 km of the
St. Marys fault; the sixth is 2.2 km distant. The tour-
maline occurs as a felted mass of acicular crystals that
can be distinguished with difficulty with a hand lens.
The tourmaline, which is black, imparts a sooty ap-
pearance to the rock. In some occurrences tourmaline
is concentrated in layers that were originally the more
argillaceous parts of couplets. Some tourmalinized rocks
have also been silicified, and some contain a dusting of
sulfides.

MEMBER C

Member C consists of about 100 m of quartzite, in-
terbedded with subordinate siltite and argillite, that
directly overlies member B. The member was identified
in the exposures between Plains and Perma, Mont.
(Cressman, 1981; 1985, p. 18, 19), and surface exposures
are restricted to the Plains-Perma area. The areas of out-
crop are shown on plate 2. In the Gibbs No. 1 borehole
an interval 100 m thick and 4,157 m below the top of
the hole is identified as member C on plate 4, but inas-
much as that part of the section is faulted and infor-
mation on the lithology is scanty, the identification is
speculative. Near Kellogg, Idaho, the only other area
where the appropriate part of the section is exposed,
member C is absent, and member D rests in sedimen-
tary contact on member B.

In its major outcrop area near Plains member C is
75-100 m thick. In one small area (pl. 2, loc. C) member
C is missing, and argillite of member D is separated
from argillite and siltite of member B only by matrix-
supported argillite-pebble breccia a meter or so thick.
The breccia formed before regional metamorphism, and
member C here probably slumped downslope shortly
after deposition.

The character of member C is illustrated by figures
6 and 7. The section (fig. 6) is of approximately the lower
half of the member. The quartzite, which is the domi-
nant rock type, is argillic, very fine to fine grained, and
medium gray to medium light gray, and weathers to
angular blocks. Beds are mostly 0.4-0.6 m thick and are
in sets that are 1-10 m thick. Most quartzite beds grade
to siltite or argillite in their upper 2-3 cm. Most are
structureless, but some are planar laminated (fig. 8). A
few sequences in which beds thin upward are present,
but for the most part bed thicknesses are arranged
randomly.

Sole marks are present but not abundant. At John
Tunnel (pl. 2, loc. A) small flute casts and ridge-and-
furrow structures are present and indicate a consistent
transport direction to the south-southeast. By contrast,
at locality B, an exposure along Montana Highway 382,
ripple marks are the most common feature, though a
few flute casts were found in float. The ripple marks are
present as casts at the base of quartzite beds; some are
straight-crested and symmetric, whereas others are
somewhat sinuous and asymmetric. The straight-
crested ripples have wave lengths of 3.5-4 cm and an
amplitude of 2 mm. (Assuming an original porosity of
55 percent, the original amplitude would have been
about 3.6 mm.) The ripple crests at this locality do not
have a preferred orientation (pl. 2), but the asymmetric
ripples indicate transport to the south and southwest.

Gradational tops, parallel laminations, and sole marks
all indicate that the quartzite beds were deposited from
turbidity currents. The straight-crested symmetrical
(oscillation) ripple marks at locality B may have resulted
from the reworking of the tops of previously deposited
turbidites by long-period oceanic waves.

The siltites and argillites of member C, which differ
little from those of members A and B, were probably
also deposited mostly by low-density turbidity currents.

MEMBER D

1In the outcrops between Plains and Perma, Mont., a
unit consisting mostly of planar-bedded olive-gray
argillite and siltite between the quartzite of member C
below and quartzite and irregularly laminated siltite and
argillite of member E above was mapped and described
as member D of the Prichard Formation (Cressman,
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The contact of the transition member of the Prichard
Formation with the overlying Burke Formation has been
very difficult to locate consistently. As noted above, Ran-
some and Calkins (1908, p. 29, 30) placed the contact at
the highest “considerable body of blue-gray argillite.” This
definition is difficult to follow because “considerable” is
imprecise, because the color changes gradually upsection
from neutral hues to yellowish and greenish gray, and be-
cause Ransome and Calkins did not describe the sedimen-
tary structures that now are so important in identifying
the units. Because of the difficulty in applying the orig-
inal definition, some workers, noting that iron in the
Prichard occurs mostly as a sulfide whereas in much of
the Burke it is in magnetite, have placed the contact at
the change from iron sulfides below to magnetite above.
This definition has the advantages that the contact can
be located closely and the results are repeatable, and I
have used it locally im mapping. However, the definition
presents difficulties. First, the boundary between sulfide-
bearing rocks below and magnetite-bearing rocks above
is a metamnorphic contact that is almost certainly at the
saine position as an original diagenetic contact between
sulfides and oxides. As such, the contact may vary con-
siderably from lithologic contacts that reflect changes in
the depositional environment. Second, in several localities
intervals containing sulfide alternate with zones contain-
ing magnetite. Third, at many localities the use of this
definition includes rocks in the Prichard Formation that
by all other criteria would be placed in the Burke.
Therefore, in this paper the Prichard-Burke contact is
placed at the highest unit of laminated light-gray and
dark-gray siltite and argillite that exhibits small-scale
sedimentary structures such as scour-and-fill and cross-
lamination and weathers a rusty-brown color. This is the
definition that was used in mapping most of the Kalispell
1°X2° quadrangle.

Measured Section 3, measured on the west side of Lake
Koocanusa in roadcuts along Montana Highway 37 on
the line between sections 1 and 2, T. 34 N,, R. 29 W, il-
lustrates the nature of the formational contact.

Measured Section 3

Inch Mountain 7%4-minute quadrangle. Roadcuts along Montana Highway 37 on west side
of Lake Koocanusa on the line between secs. 1 and 2, T. 34 N., R. 29 W. Measured by
E.R. Cressman

Prichard Formation (part):
Burke Formation (basal part only):
7. Siltite and argillite: Light-gray siltite in beds
0.05-0.2 m thick alternates with sets 0.08-0.15
m thick of very thinly interbedded medium-gray
argillite and dark-gray siltite in continuous
wavy nonparallel beds about 5 cm thick. Minute
magnetite octahedra dispersed through rock.
Weathers yellowish gray to grayish yellow. Only
15.7 m measured, but overlying rocks are similar  15.7

Thickness
(meters)

Thickness

(meters)

Prichard Formation (part):—Continued
Burke Formation (basal part only):—Continued
6. Similar to unit 7, but magnetite is absent and ox-
idized pyrite cubes are scattered through unit 3.7
5. Argillite, yellowish-gray, silty, laminated; laminae
mostly wavy continuous; contains a few
unlaminated intervals about 5 cm thick and
some fluid-escape structures
4, Covered ........... ... .. ... .. .. oL
3. Argillite and siltite, interbedded: Medium-gray
argillite in beds mostly about 0.15 m thick alter-
nates with medium-light-gray biotite-bearing
siltite in beds of about the same thickness; beds
are planar to broadly wavy; contacts between
beds mostly gradational, but load casts present
at base of some siltite beds; oxidized pyrite
cubes present in some layers; argillite weathers
light gray, siltite medium gray. Grades through
1 m from unit below .................... 5.
Thickness of Burke Formation measured

(3]

>
(3]
N

Transition member of Prichard Formation (upper part
only):

2. Argillite and siltite, interlaminated and very thinly
interbedded: Medium-gray argillite in laminae
and beds 1 mm - 5 cm thick; light-gray to light-
greenish-gray argillic siltite in irregular con-
tinuous and discontinuous beds 1-2 cm thick;
siltite contains some small-scale scour-and-fill
structure and some ripples with an amplitude
of 1.5 cm and a wavelength of 20 cm. Unit
weathers moderate brown to yellowish brown.
Grades through 2 m from unit below ...... 9.8

1. Argillite, siltite, and quartzite, interlaminated and
interbedded: Interlaminated and very thinly in-
terbedded argillite and siltite in sets 0.1-0.9 m
thick alternate with quartzite in beds 0.05-0.2
m thick; argillite is medium gray, in laminae and
beds mostly 1-2 em thick; siltite in laminae
mostly 0.05-1 cm thick; laminae mostly wavy,
nonparallel; many siltite layers pinch and swell;
some scour-and-fill structures about 1 cm thick,
some cross-lamination, and some fluid-escape
structures; quartzite is very light gray, fine
grained, and biotite bearing; quartzite mostly
structureless, but contains some wavy, con-
tinuous laminae, and ball-and-pillow structure
present at base of some beds; most quartzite
beds have gradational upper and lower contacts.
Exposure weathers moderate brown to

yellowish brown ........................ 12.2
Thickness of transition member of Prichard
Formation measured ............... 22.0

In Measured Section 3 the differences between the
transition member of the Prichard Formation and the
lower part of the Burke Formation are chiefly in the
thickness and character of the sedimentary layers and
in the weathering colors. In the transition member the
sedimentary layers are mostly less than 5 cm thick,
whereas in the Burke they are mostly 5 cm or more
thick. In the transition member the layers mostly have
sharp upper and lower contacts and exhibit small-scale
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scour-and-fill and cross-lamination, whereas in the lower
Burke contacts between argillite and siltite are cominon-
ly gradational, and small-scale sedimentary structures
are absent. Finally, the transition member weathers
moderate brown to yellowish brown, whereas the basal
Burke weathers yellowish gray to grayish yellow. Note
that in Measured Section 3 the change from pyrite
below to magnetite above occurs within an otherwise
uniform lithologic unit and well above the contact
selected by the criteria described above.

Near McDonald Creek on the west side of Glacier Na-
tional Park 350 m of section between the planar-lami-
nated and very thinly interbedded argillite and siltite of
member H of the Prichard Formation and green argillite
and siltite typical of the Appekunny Formation have
been called the Wolf Gun Member of the Appekunny For-
mation by Earhart and others (1983). The Wolf Gun
Member is in approximately the same stratigraphic posi-
tion as the transition member of the Prichard Formation
as described in this report. The Wolf Gun Member at its
type locality near Anaconda Creek, Mont., about 13 kin
northwest of McDonald Creek consists of three parts
(Earhart and others, 1983). These are (1) a lower unit of
black and greenish-gray siltite and argillite, calcareous
in part, with wavy, discontinuous, nonparallel laminae;
(2) a middle unit of limestone, calcareous siltite, and
stromatolitic zones; and (3) an upper unit of thin-bedded
green, dark-greenish-gray, and tan argillite. Mud cracks,
fluid-escape structures, and mud-chip breccias are com-
mon. Though in a similar stratigraphic position, the Wolf
Gun of the Anaconda Creek area differs from the transi-
tion member of the Prichard Formation in its green col-
or, the abundance of carbonate, the discontinuous nature
of the laminae, and the presence of mud-chip breccia.

Whipple and Harrison (1987) mapped two lithologic
units together as the upper part of the Prichard For-
mation in the Whitefish Range. My reconnaissance in-
dicates that the uppermost of the two units is very
similar to the transition member as exposed nearly
everywhere else in the area of this report; it consists
of the same three parts that have been described as
making up the transition member elsewhere, and the
uppermost Prichard there differs from the transition
member to the west mainly in containing slightly more
calcareous siltite. The transition member in the
Whitefish Range is overlain by a unit of uncertain af-
finity that consists of olive-colored gray and buff siltite
and very fine grained quartzite that weather brown and
contain abundant specks of siderite (J.E. Harrison, oral
comimun., 1986). This unit is overlain by the Spokane
Formation.

Inasmuch as the Wolf Gun Member of Glacier Na-
tional Park and the uppermost Prichard in the
Whitefish Range are so similar to the transition member

of the Prichard Formation throughout most of the rest
of the report area, the name Wolf Gun could, with some
logic, be applied to all of the transition member.
However, I do not think that a name derived from near
the outer limits of occurrence of the unit and from an
atypical section should be applied to the unit. Further-
more, the relation of the top of the Wolf Gun in Glacier
National Park, and to a lesser extent in the Whitefish
Range, to the top of the transition member elsewhere
in the area is by no means clear. Therefore, in this report
I do not use the name Wolf Gun and instead refer the
entire unit, including the section in Glacier National
Park, to the transition member.

LITHOCORRELATIONS

Lithocorrelations of the stratigraphic units described
above are shown on plate 4. Most of the lithocorrela-
tions are obvious and unambiguous, but a few uncer-
tainties exist. The most serious uncertainties concern
correlations of the basic sills. Seismic lines indicate that
sills or zones of sills are continuous over great distances,
and some individual sills are known to be of considerable
extent. For example, the highest sill, shown in section
1, plate 4, undoubtedly extends at least 80 kin, and near-
by the next sill down (shown on pl. 4) certainly extends
the same distance. However, some of the sills are shown
as being continuous for as much as 200 km. This is an
extraordinarily long distance, and any such correlation
is surely hypothetical. Furthermore, an examination of
the correlation of the sills, for example between sections
2, 9, and 11 on plate 4, will show that other plausible
correlations are possible.

Another questionable correlation is that of the argil-
lite member of the quartzite facies with the argillite
facies. On plate 4, sections 10 and 11, the argillite
member is shown as a tongue of the lower part of
member H, but another possibility is that the argillite
member is an extension of member F. The first correla-
tion, that shown on plate 4, is more in accord with
thickness trends of the quartzite member.

Although plate 4 presents lithocorrelations, some
time relations can be inferred from the lithologic rela-
tions as will be discussed in a subsequent part of this
report.

AGE

The maximum possible age of the Prichard Forma-
tion is that of the pre-Belt crystalline basement of Mon-
tana and Alberta. The major metamorphic event that
affected the pre-Belt basement of southwest Montana
was at 3,730+85 Ma (James and Hedge, 1980), but
the isotopic clocks were reset by a thermal event at









limestone member of the Wallace Formation (J.E. Har-
rison, oral commun., 1986), and the 1,374-Ma date of
Elston and Bressler (1980) is so placed on the column
in figure 31A. The depth of water shown in figure 314
is based on the presence of shallow-water features in
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most of the Belt Supergroup above the Prichard For-
mation, on the identification of the quartzite member
as a submarine fan, and on the observation that most
large modern fans extend to depths of 2,000-3,000 m
(see papers in Bouma and others, 1985a).
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From Steckler and Walls (1978, p. 86), the general equa-
tion for backstripping is
(pm_ps) _SL Py
(pm_pw)

Y=¢*S* +Wd-SL

(pm—pw)

where
Y=depth of basement without the effects of sedi-
ment and water loads,
¢*=Dbasement response functions,
S*=gediment thickness corrected for compaction,
pm=mean density of mantle,
ps=mean density of sediments,
p,=mean density of water,
SL=sea level relative to present day, and
Wd=water depth.

The following assumptions are made for Belt time:

¢*=1 (the value for an Airy-type basement),

Pm=3.33 glcm3 (Watts, 1981, table 4),

p,=1.03 glcm3 (Watts, 1981, table 4), and

SL=0 (this is unlikely but the only choice possible
because of lack of evidence).

The values of S* and p; were determined from the
present thicknesses of the units shown in figure 314,
the density of these units given in Harrison and others
(1972, table 3), and the averaged porosity-depth curve
in Watts (1981, fig. 8). The value of Y was then calcu-
lated for the intervals on figure 314 of A-B, B - 1,433
Ma, 1,433 Ma - C, C-D, D-E, E-F, F-G, G-H, and H -
1,375 Ma, and used to locate the various points on the
vertical axis of figure 31B. Tectonic subsidence is as-
sumed to be a linear function of the square root of time,
and time is expressed as percent of the total time to
deposit the section from A to the position of the
1,375-Ma date. Having two dated horizons, that of the
1,375-Ma date and that of the 1,433-Ma date, it is then
possible to calculate the dates shown in parentheses in
figure 31B.

This analysis indicates that the Prichard Formation
in this section was deposited through an interval of
36 Ma, beginning at 1,446 Ma and ending at 1,410 Ma.
The transition member represents 6 Ma, the upper
member 6 Ma, and the rest of the formation 24 Ma. The
accumulation rate of the quartzite member, 40 cm/103
yr that was calculated from these dates is reasonable for
the inferred environment. Accumulation rates for the rest
of the Belt would have been much slower. For example,
the rate for the Wallace Formation below the position of
the 1,375-Ma date would have been 0.18 cm/108 yr, cor-
rected for compaction.

Members A-E of the argillite facies of the Prichard For-
mation are probably older than any of the rocks exposed
in the Pend Oreille Lake area. Therefore, if the above
analysis is correct, deposition of the Prichard must have
begun before 1,446 Ma.

The validity of the above analysis depends on assump-
tions that the two assigned dates are correct and that
the Belt Supergroup resulted from one major episode of
subsidence and deposition; both assumptions have been
questioned. The 1,433-Ma date on the Crossport C sill
is reliable, but as discussed previously, the exact position
in the section to which the date applies is not as certain.
The other date, 1,375 Ma for the base of the Missoula
Group as inferred by Elston and Bressler (1980) from the
polar-wandering curve, is in conflict with radiometric ages
obtained by Obradovich and Peterman (1968), and the
validity of dates assigned to the polarwandering curve
has been seriously questioned by Obradovich and others
(1984). The assumption that the Belt resulted from a
single major episode of subsidence and sedimentation is
in conflict with radiometric ages that suggest two ma-
jor hiatuses, each of 200-my. duration. Thus the deter-
mination of ages from the subsidence curve is highly
speculative.

In summary, the Prichard Formation is younger than
1,576 Ma, the pre-Belt basement, and older than 1,330
Ma, the age of metamorphic biotite near the top of the
formation. The middle part of the quartzite facies is dated
at 1,433 Ma by the age of the Crossport C sill, and
speculative subsidence studies suggest that the quartz-
ite facies may have been deposited between 1,446 Ma and
1,410 Ma. That part of the argillite facies below the top
of member E would then be dated as older than 1,446
Ma and younger than 1,576 Ma. An analysis based on
the assumption that the sills were intruded in a single
episode 15 my. long also suggests that the quartzite
facies was deposited in a few tens of million years.

DEPOSITIONAL ENVIRONMENTS
AND PALEOGEOGRAPHY

THE ENVIRONMENT IN MIDDLE PROTEROZOIC TIME

Analogy with present-day events and processes is the
basis of all interpretation in historical geology, but the
older the rocks the more the caution that must be used
in making direct comparisons. In Middle Proterozoic time
not only was the biota vastly different from that of to-
day, but the physical environment differed in important
aspects from that of the present. Although knowledge
of those times is fragmentary, the following paragraphs
will examine what is known and what can be inferred as
to how environmental conditions in the Middle Pro-
terozoic differed from those of today.

Because of tidal friction the rotational velocity of the
earth has slowed through geologic time. The amount of
slowing that is inferred depends on which model of the
earth-moon system is accepted, but a reasonable estimate
is that at 1.5 Ga the day was about six hours shorter and
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the rotation rate about 1'4 times faster than today
(Walker and others, 1983, fig. 11-1), though projection
of rates derived from paleontologic evidence in the
Phanerozoic suggests a rotation rate 2-2%% times that of
today (Hunt, 1979). The consequences of a faster rate of
rotation would have been a stronger Coriolis force, re-
duced wind speeds, a shallower oceanic mixed layer, less
precipitation, and colder polar regions (Hunt, 1979).

The oxygen content of both the atmosphere and the
hydrosphere has increased during geologic time as a con-
sequence of oxygen-producing photosynthesis. In Middle
Proterozoic time the oxygen content of the atmosphere
must have been at least 0.01 PAL (present atmospheric
level) or 2X10-3 to 4X10-3 atmosphere, which is the
minimum amount needed to support aerobiosis (Chap-
man and Schopf, 1983). The maximum oxygen content
was probably 0.02 PAL, a value consistent with data on
paleosols (Holland and Zbinden, 1985). Other evidence
suggests about the same oxygen level. Rhoads and Morse
(1971) noted that on the sea floor of modern oxygen-
deficient basins the change from anaerobic conditions
with no metazoans to dysaerobic conditions with a soft-
bodied infauna occurs at a dissolved oxygen content of
0.1-0.3 ml/l, which corresponds to about 0.01 PAL. They
suggested that this was the oxygen level at which meta-
zoans made their first appearance in Late Proterozoic
time.

The best evidence, then, indicates that the oxygen con-
tent of the Middle Proterozoic atmosphere was only 1-2
percent of that of today. The oxygen content of the
oceanic mixed layer would have been correspondingly
lower, and the mixed layer would have been thinner than
it is today because of the effects of faster rotation of the
planet. Wilde (1987, p. 454) has written “Due to the oxy-
gen demand of organic matter derived from photo-
synthetic organisms***any oxygen concentration in the
atmosphere below about 5 percent PAL would be insuf-
ficient to maintain oxic conditions in the water column
except in the uppermost few meters.” The oxygen con-
tent of the ocean beneath the mixed layer would also have
been less, and the oxidation of organic matter should
have created anaerobic conditions over very large areas,
especially inasmuch as organic productivity of the oceans
was about the same then as it is now (see below). Wilde’s
(1987, fig. 1) calculations indicate that for nonglacial con-
ditions and atmospheric oxygen at 1 PAL, the oceans
would have remained anoxic to a depth of 3,000 m,
though Wilde has cautioned that his results are approx-
imate at best.

As the oxygen content increased through time, the
CO, content decreased, also largely as a result of photo-
synthesis. Des Marais (1985) estimated that at 3 Ga the
atmosphere contained at least two orders of magnitude
more CO, than it does today. The CO,, partial pressure
of the atmosphere in Middle Proterozoic time must also

have been appreciably greater than it is today (though
see Sandberg, 1985), and the oceans were saturated or
supersaturated with respect to calcite and dolomite
(Holland, 1984, p. 422). One result of the higher CO, par-
tial pressure was that chemical weathering and soil-
forming processes, which should have been slower in the
absence of a plant cover, were not much different from
present-day rates (Cawley and others, 1969; Gay and
Grandstaff, 1980; Holland, 1972, p. 648; Schau and
Henderson, 1983).

In the absence of silica-secreting organisms the SiO,
content of the oceans must have been greater than today;
Holland (1984, p. 442) estimated the concentration to
have been between 20 and 120 ppm. The silica content
may have been governed by reactions with clays or
zeolites or by the solubility of amorphous silica. If it were
the last, evaporite basins should have been the favored
environment for silica extraction.

The biota in Middle Proterozoic time was almost cer-
tainly entirely microbial and included both sulfate-
reducing and oxygen-producing organisms (Schidlowski
and others, 1983, p. 173). Although some authors have
reported evidence of bioturbation in Middle Proterozoic
rocks, there is no convincing evidence of metazoans in
rocks older than 950 Ma (Glaessner, 1983, p. 330). Rocks
of the Prichard have not been bioturbated and contain
neither body nor trace fossils.

Organic productivity of the oceans was probably not
much different in the Middle Proterozoic than it is today.
According to Schidlowski (1983, p. 215), “It may reason-
ably be assumed that the early Earth was populated by
prokaryotic ecosystems of both benthic and planktonic
type whose sizeable rates of productivity suggest that
photosynthesis may have gained little in quantitative im-
portance during subsequent evolution.” Schidlowski’s
conclusion is based largely on the amount of organic car-
bon in ancient rocks and on considerations of carbon-
isotope mass balance. Veizer (1983, p. 291) also concluded
on consideration of isotope balance calculations that the
organic carbon reservoir in most of Precambrian time
could not have been much smaller than it is today.

Microorganisms may have inhabited the soil {Beeunas
and Knauth, 1985), but none of the rooted plants that
have stabilized soils from Devonian time on had yet
evolved. As a result, denudation and runoff rates should
have been high and floods large (Schumm, 1968), but this
may not have been the case because, as a consequence
of the earth’s faster rotation, precipitation was less.

MINOR-ELEMENT CONTENT AND THE ENVIRONMENT

Fifty-nine samples from all members of the argillite
facies between Plains and Perma except the C and
transition members were analyzed semiquantitatively by
spectrographic methods. The results are listed in table 5.
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Geometric means by stratigraphic unit and by rock type
are listed in table 6, along with geometric means by rock
type from the quartzite facies near Pend Oreille Lake
that are taken from Harrison and Grimes (1970). Inspec-
tion of these analyses shows some trends and some dif-
ferences between members that reflect differences in
their paleoenvironments.

Near Plains, Mg, Ti, Mn, B, Ba, Be, Co, Cr, Pb, Sc,
and V are most abundant in argillite and least abun-
dant in quartzite (table 6). These elements probably
entered the depositional basin mainly combined in the
lattices of degraded clay minerals (Hirst, 1962; McLen-
nan and others, 1983, p. 214), though B and Be may
have been adsorbed by the clays from water in the
depositional basin (Harder, 1970; Herrman, 1970,
p. H-1). The elements Cu, Cr, Pb, V, and Zn correlate
with organic matter in many sedimentary rocks (Vine
and Tourtelot, 1969), and some of these elements in the
Prichard may also have been incorporated into the sedi-
ment in organic matter.

Argillite of member D differs from that of the other
members in containing more B, Ba, Be, and Mn and less
Cu and V (table 6). The low content of Cu and V prob-
ably reflects the paucity of carbonaceous matter in
member D. The low content of both carbonaceous
matter and iron sulfide, which accounts for the olive-
gray color of the argillite of the member as compared
with dark- to light-gray colors of argillite elsewhere in
the Prichard, may have resulted from deposition in less
saline or more oxygenated water. The higher concen-
trations of B, Ba, and Be in member D suggests that
either the clays of the member were derived from a dif-
ferent source than the clays of the other members or
that more of these elements were adsorbed by the clays
from water in the depositional basin than was the case
for the other members. More B, Ba, and Be could have
been adsorbed if the clays were finer grained or if they
were flocculated and deposited where fresh water
carrying suspended clays encountered saline water
(Herrmann, 1970, p. I-1, H-1). The relatively high Mn
content of member D argillites suggests that the envi-
ronment was more oxidizing than it was elsewhere dur-
ing deposition of the Prichard Formation. In summary,
minor-element abundance suggests that member D was
deposited where river water encountered saline water
that flocculated the clay.

GEOGRAPHY IN MIDDLE PROTEROZOIC TIME

All of the Prichard Formation is allochthonous
(fig. 32), mostly as a result of Mesozoic thrusting, and
data must be plotted on a palinspastic base before any
conclusion can be made about the paleogeography.
First, however, one must confront the proposal by

Chamberlain and Lambert (1985) that the Purcell and
Belt Supergroups were part of a microcontinent, Cor-
dilleria, that in Early Cretaceous time lay in the latitude
of California and was rotated 45%50° counterclockwise
of its present orientation. They consider the southern
Rocky Mountain trench to be the location of the suture
of Cordilleria with the North American continent. Price
and Carmichael (1986) pointed out that there has been
no right-lateral slip along the southern Rocky Mountain
trench such as would be required by the proposal of
Chamberlain and Lambert (1985). Furthermore, and
fatal to the concept of Cordilleria, in the Little Belt
Mountains of Montana, well east of the trench, the Belt
Supergroup is in sedimentary contact with pre-Belt crys-
talline rocks (Weed, 1900, p. 281) and is thereby firmly
riveted to the basement. Quite clearly, rocks of the Belt
are native to the northwest. The Rocky Mountain trench
in Montana, at least, rather than marking a mid-
Cretaceous suture between terranes, is the result of
normal faulting during Eocene and later extensions (J.E.
Harrison, oral commun., 1986), though the position of
the trench may reflect Precambrian events.

The Belt terrane has had a long and complex struc-
tural history that includes post-Belt but pre-Middle
Cambrian folding and thrusting, Jurassic to Paleocene
folding and thrusting, and Eocene and younger exten-
sion. Major strike-slip faults have formed and been reac-
tivated during various structural episodes. Because of
this complex history it is not yet possible to construct
an accurate palinspastic map, but I have assumed that
an approximate palinspastic reconstruction can be
made by correcting the apparent offset on major strike-
slip and thrust faults; Eocene and younger extension
has been corrected only in part. I make no great claims
of accuracy for the resulting map, but I am convinced
that data plotted on the palinspastic base, inaccurate
as the base may be, gives a much more realistic picture
of the geography of Prichard time than would the same
data plotted on the present geographic base.

The palinspastic base was made from the structural
features shown on figure 32 by restoring the following
fault displacements:

1. Twenty-six kilometers of right-lateral movement
along the Hope fault near the Idaho-Montana
border (Harrison and others, 1974, p. 12).

2. Twenty-six kilometers of right-lateral movement
along the Osburn fault near Osburn (Hobbs and
others, 1965, p. 77).

3. Six kilometers of horizontal movement across the
Dobson Pass low-angle normal fault (Hobbs and
others, 1965, p. 84).

4. Three kilometers of right-lateral movement along
the Placer Creek fault (Hobbs and others, 1965,
p- 81).
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FIGURE 32.—Map showing major faults and intrusions in the western part of the Belt basin. Triangles are stratigraphic sections listed
in table 1. Shaded areas are Cretaceous and Tertiary intrusives. Named faults are listed below. Data from Griggs (1973), Harrison

and others (1986), Harrison and others (1983), Harrison and others (1972), Miller (1974a, b, ¢, d), Miller and Clark (1975), and Tipper
and others (1981).

A, Hope fault

B, Osburn fault

C, Dobson Pass fault
D, Placer Creek fault

E, Thompson Pass fault

F, Boyd Mountain fault
G, St. Marys fault

H, Ninemile fault

I, Libby thrust belt

J, Moyie thrust

K, Big Draw fault
L, Pinkham thrust
M, Newport fault
N, Kellogg fault
O, St. Joe fault

5. More than 3 km of right-lateral movement along
the Thompson Pass fault (Hobbs and others,
1965, p. 80). 8

6. Twenty-one kilometers of right-lateral movement
along the Boyd Mountain fault (Hobbs and

intersection with the Boyd Mountain fault
(Hobbs and others, 1965, p. 81).

. Thirteen kilometers of right-lateral movement on
the east end of the St. Marys fault (Harrison and
others, 1974, p. 12).

others, 1965, p. 81).
Six and one-half kilometers of right-lateral
movement along the Osburn fault east of its

. Thirteen kilometers of right-lateral movement on

the west end of the St. Marys fault (Cressman,
1985, p. 5).
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Twenty-nine kilometers of right-lateral move-
ment along the Ninemile fault (Wells, 1974).
Eleven kilometers of right-lateral movement
along the Big Draw fault (from map relations in
Harrison and others, 1986).

Shortening across the Libby thrust belt as meas-
ured from structure sections by J.E. Harrison
(written commun., 1988).

The minimum shortening across the Moyie
thrust belt.

Shortening across the Pinkham thrust and the
thrust just east of the Rocky Mountain trench
assumed to be the same as across individual
thrusts in the Libby thrust belt.

In addition, it was assumed that the leading edge of

119°

118°
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the Lewis thrust sheet, nearly 50 km east of locality 8,
figure 32, was derived from the position of the Rocky
Mountain trench, as suggested by unpublished seismic
sections, and that the Prichard Formation was trans-
ported 76 km eastward as shown by section A-A'in
Mudge and others (1982).

Relations west of the Moyie thrust are less certain
than they are to the east. Immediately west of the
Moyie, many normal faults have widened the outcrop
belt of the Prichard Formation, but thrusts shown in
Canada (fig. 32) may extend southward and shorten the
section. The Newport fault is probably extensional
(Harms and Price, 1983), but the amount of extension
is not known. However, in the reconstruction, section

13 was moved slightly southeast with respect to
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FIGURE 33.—Location of stratigraphic sections of Prichard Formation on approximate palinspastic base. Open triangles are present loca-
tions of sections; closed triangles are locations after palinspastic restoration.
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section 12, and both were moved slightly eastward with
respect to sections 10 and 14.

Palinspastic corrections for folding were not made
within the fault blocks, and the positions of several fault
blocks in the Plains area were adjusted to make more
rational stratigraphic relations.

The positions of the stratigraphic sections before and
after palinspastic reconstruction are shown in figure 33.

In addition to the translation that is restored in figure
33, some areas experienced considerable rotation. The
differences in the orientation of fold axes north and
south of the St. Marys fault suggest that those to the
south were rotated about 40° counterclockwise (J.E.
Harrison, oral commun., 1986) and plate 10 of Hobbs
and others (1965) indicates considerable rotation, most-
ly counterclockwise, near the Osburn fault in the Coeur
d’Alene mining district. Where directional features are
plotted on the palinspastic maps, their directions have
been rotated in these two areas to their inferred original
orientation.

Several aspects of the geography during deposition
of the Prichard Formation can be inferred from paleo-
magnetic data. Elston and McKee (1982, fig. 10) located
the magnetic pole of 1,400 Ma at about lat 30° S., long
150° W., which would place the Belt basin near the
equator, but Piper’s (1982a, table 2) pole positions,
which are based on more data, would place northwest
Montana at lat 45° S. at 1,450 Ma and at lat 25° S. at
1,400 Ma. Thus, the Belt basin was probably in a
temperate climatic zone during deposition of the
Prichard Formation. Much of the time it may have been
in the horse latitudes where rainfall is generally light.

A temperate climate in the source area is suggested
by the chemical composition of fine-grained rocks in the
Prichard Formation. The chemical index of alteration
(CIA), defined as CIA= A1203 / (A1203+Ca0+N320
+K50) X100, for seven samples of argillite and siltite
from the Prichard Formation, the analyses of which are
in table 3, ranges from 67 to 78 and averages 72. Com-
pared with the compilation by Nesbit and Young (1982),
the indices of the Prichard samples are about the same
as that of the average shale, higher than those of glacial
sediments of both Early Proterozoic and Pleistocene
age, and lower than those of muds of the Amazon cone.
However, metamorphism may have changed the distri-
bution of the alkali-metal and alkali-earth elements.

Finally, Piper’s (1982a, table 2) poles place the Belt
basin in Prichard time in the southern hemisphere.
Thus, the Coriolis force, which was stronger in the mid-
Proterozoic than today, would have deflected currents
to the west.

LOWER SHALLOWING-UPWARD SEQUENCE

The argillaceous facies of the Prichard Formation

comprises two shallowing-upward sequences, the lower
consisting of members A through E and the upper of
member F through the transition member. The deposi-
tional environments and paleogeography of the Prich-
ard will be described in terms of these two sequences.

The distribution, thickness, and orientation of direc-
tional features of members A and B, C, and E are shown
on the palinspastic base in figures 34, 35, and 36, respec-
tively. Member D, for which no palinspastic map is
presented, has about the same distribution as member
E. The total extent of the members must be much
greater than the known extent shown in figures 34-36.
Member C is absent at Osburn, and member D, nearly
600 m thick near Plains, is probably less than 50 m thick
at Osburn, but otherwise neither thickness nor facies
trends in the exposed rocks suggest an approach to the
margins of the units.

Members A and B, which total more than 1,600 m
thick in their thickest exposure, consist mostly of
graded siltite-argillite couplets that were probably
deposited from low-density turbidity currents. Slump
folds, common in member B, probably formed on the
upper slope as a result of oversteepening by prograda-
tion (Cressman, 1985, p. 52-54). There is no direct
evidence of water depth other than that it was below
wave base, but the existence of at least 1,600 m of sedi-
ment devoid of shallow-water features suggests an
initial depth of hundreds of meters. Slump directions
indicate that progradation was to the southeast and
that the source was somewhere westward. Data are in-
sufficient to be more specific.

According to Drake (1976, p. 135-136), today less
than 10 percent of the suspended load contributed to
the sea by rivers reaches the deep sea; about 50 percent
accumulates in estuaries and coastal wetlands and the
remaining 40 percent is deposited off about two dozen
major river mouths. However, the present is a time of
high sea level and wide continental shelves. Much of the
mud deposited on the shelves may be resuspended by
the orbital motion of swells to form a turbid layer just
above the sea floor, and if the shelf is narrow, as during
a low stand of sea level, the material within the turbid
layers may be transported across the shelf edge and
deposited as widespread sheets of sediment on the up-
per slope (Sangree and others, 1978, p. 90). A similar
mechanism is probably responsible for the silt and clay
turbidites of members A and B. Nevertheless, the large
amount of terrigenous material in members A and B
suggests the proximity of the mouth of a large river.

. The quartzite turbidites of member C seem to be part
of a blanket deposit. The thinning upward sequences
at the base of the member (fig. 8) suggest deposition
in channels, but the member in its outcrop area near
Plains extends at least 60 km in a direction nearly at
right angles to the transport direction. The water was
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FIGURE 39.—Isopach map of member H and argillite and upper members combined of the Prichard Formation on palinspastic base. Triangles
are locations of sections containing contoured units; small numbers identify sections; number below line gives thickness of argillite
member; number above line gives thickness of upper member. Thin arrows show direction of slumping; heavy arrow is transport direc-

tion of quartzite channel fill. Isopach interval, 200 m.

In the Gibbs No. 1 borehole the dolomitic siltite
member occupies the same stratigraphic position as
does member H elsewhere. At Sage Creek in southern
British Columbia just east of the Rocky Mountain
trench and about 15 km north of the international
border, greenish-gray dolomitic sandy argillite, which
is probably an extension of the transition member of
the Prichard Formation of this report, is underlain
by 1,200 m of dolomite and limestone that contain
only minor argillite (Fermor and Price, 1983, fig. 16).
The carbonate section directly overlies the Lewis thrust.
These carbonates fringed the eastern margin of the Belt
basin in the latter part of Prichard time and were

probably the source of the material in the dolomitic
siltite member. The material was probably transported
westward from the carbonate shelf by turbidity
currents.

The quartzite member and its southeastern extension,
member G, thin from more than 6,000 m in the west-
central part of the area to a feather edge in the southern
and eastern parts (fig. 38). North of lat 47°45' N. and
west of long 117° W. the base of the quartzite member
is exposed only in the westernmost section, and the
thicknesses shown are minimums. However, the bases
of most of the sections are at about the same strati-
graphic positions, and the trends of the isopachs are
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probably correct. I suspect that their positions are also
nearly correct.

The current directions shown in figure 38 are averages
for the directional features shown at each locality in
plate 2. Directions have been rotated at locations south
of the St. Marys fault near Plains and north of the
Osburn fault in the Coeur d’Alene mining district as
noted previously. The direction for the Bear Creek area
{pl. 2) seems anomalous on figure 38; the measurements
are from an area of complex structure immediately
north of the Hope fault and may have been rotated, but
I have no independent information on the direction or
amount of any such rotation. Directional features north
of Newport (pl. 2) define two directions, but all of the
northeast directions are from one intensely faulted
locality, whereas the northwest directions are from
several localities. I have therefore taken the northwest
direction as being correct.

Both the thickness trends and the current direction
indicate that the quartzite was derived from a southern
point source at about lat 47°15' N, long 118°15' W,
and that the quartzite member was deposited as tur-
bidites in a submarine fan, which is referred to in the
remainder of this paper as the Prichard fan. The fanlike
aspect is more apparent when data from the quartzite
member’s Canadian equivalent, the middle member of
the Aldridge Formation, are added (fig. 40). The western
part of the fan has not been preserved, but in figure 40
I have completed the contours so as to indicate the
smallest fan allowed by the data.

A common approach in the study of ancient sub-
marine fans has been that initiated by Mutti and Ricci-
Lucchi (1972; translated from Italian to English by
Nilsen, 1978) in which various facies are recognized and
the positions of various facies assemblages on the fan
are inferred. I have some difficulties in identifying the
Mutti and Ricci-Lucchi facies, but in considering the
sections on plate 3, most of the quartzite facies is most
similar to the Mutti and Ricci-Lucchi facies C, the
siltite-argillite intervals to facies D, and the slumped
units to facies F; marker beds belong to facies G. Facies
C and D are assigned to both the middle and lower fans
in the Mutti and Ricci-Lucchi model, but in the absence
of channel-fill quartzites all of the quartzite member and
member G would be considered part of the outer fan.
But are channel fills absent?

In studies of ancient turbidites coarsening-upward or
thickening-upward sequences are commonly considered
to have been deposited as prograding depositional lobes,
whereas fining-upward or thinning-upward sequences
are considered to have been deposited as channel fill.
In the sections in plate 3 thickening-upward sequences
mostly a few meters thick are common; thinning-
upward sequences, also a few meters thick, are less so.

This suggests that the member was deposited as thin,
advancing depositional lobes and as shallow channel
fills. However, channels detected by remote sensing on
modern submarine fans are commonly 150-900 m deep
and 18-150 km wide (Shanmugam, Damuth, and Miola,
1985, table 2), and features of this magnitude are too
large to be detected in exposures of the Prichard For-
mation. Nevertheless, indirect evidence discussed below
suggests that large channels and channel fills do exist.

Channels of modern deep-sea fans are commonly
bordered by levees, and local slope failure is common,
both on the inner slope of the levee into the channel and
on the outer slope away from the channel (Nelson, 1984,
p. 43). On figure 38 many of the slump directions are
at a high angle to the direction of sediment transport.
This suggests slumping of levee muds and therefore the
presence of channels. Also, the two southwest transport
directions shown on figure 44 suggest crevasse-splay
deposits. Thus, some indirect evidence suggests the
presence of large channels. However, neither large
slumps nor anomalous transport directions_are
common.

The siltite and argillite intervals shown in the sections
on plate 3 probably were deposited as overbank deposits
on levees and in inter-distributary areas. These deposits
closely resemble the silt-laminated mud described from
midfan levee and overbank sites in the Mississippi fan
(Dorrik and others, 1986). Some of the quartzite inter-
vals must be channel fills, whereas others were probably
depositional lobes, but I cannot distinguish one from
the other. Channels on the midfan portions of modern
deep-sea fans commonly range from 10 to 70 m thick
(Barnes and Normark, 1985); presumably this includes
the levees. Many of the quartzite intervals in the sec-
tions on plate 3 are within this range, especially if the
effects of compaction are considered and if the overly-
ing siltite-argillite intervals are included. Levees on the
Indus fan are about 20 m high (Kolla and Coumes,
1985); many of the siltite-argillite intervals shown on
plate 3 are of comparable thickness if the effects of con-
solidation are taken into account. The siltite-argillite
units become thinner northeastward away from the
point source, suggesting that levees and their channels
became smaller in that direction.

The general picture that emerges from the above is
of a large single submarine channel entering the area
from the south and dividing into smaller channels that
fanned out to the east, northeast, north, and northwest.
Sand was deposited in channels, and silt and clay were
deposited as overbank deposits; farther down the fan
the channels became smaller, and much of the sand was
deposited as depositional lobes. The channels may have
migrated as in the Cap-Ferret fan (Cremer and others,
1985, p. 119), though in the southern hemisphere levee
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build-up would have been on the right-hand side and a
channel would migrate to the left. The channels were
probably periodically abandoned by avulsion, as on the
Amazon fan (Damath and Flood, 1985, p. 104), and new
channels were developed elsewhere.

A submarine fan is ‘“a channel-(levee)-overbank
system in which the overbank areas either consist
primarily of muds or thin-bedded turbidite”” (Bouma and
others, 1985, p. 10). Therefore, not only is the western
part of the Prichard fan missing, but so is the main
channel and its flanking levees, which generally form
the upper fan. The preserved part is probably equivalent
to part of the middle and lower fans as identified in most
of the modern fans whose characteristics have been
summarized by Barnes and Normark (1985).

In figure 40 isopachs have been extended conserva-
tively in order to compare the dimension of the Prichard
fan with those of modern fans. The inferred size of the
fan is nearly the minimum permitted by the data and,
as noted above, it does not include the upper fan. The
inferred area is 1.3X10°% km2, which is (1) larger than
the areas of the present-day Monterey, Astoria, Rhone,
and Magdelena fans; (2) smaller than the areas of the
Mississippi, Laurentian, and Amazon fans; and (3) an
order of magnitude smaller than the areas of the Indus
and Bengal fans (Barnes and Normark, 1985). The
volume of the Prichard fan calculated from figure 44
is 2.8X10% km? in its present state of compaction.
Assuming the isopachs to represent the upper surface
of the fan at the end of deposition and using the
porosity-depth curve from Watts (1981, fig. 8), the
volume at the end of deposition would have been
4.5X105 km3. This volume, which excludes the upper
fan, is an order of magnitude less than the volume of
the Bengal fan, a little less than half that of the Indus
fan, slightly less than the volume of the Amazon fan,
and slightly more than that of the Mississippi fan
(Barnes and Normark, 1985). Clearly the Prichard fan
was a giant among fans, and it must have been depos-
ited seaward of a very large river.

Presumably the rate of accumulation of the Prichard
fan was comparable to that of modern large fans. From
figure 31 it is estimated that the quartzite member was
deposited through a period of 19 m.y. The quartzite
member in the section shown in figure 31 is 4,110 m
thick, which indicates an accumulation rate of
22 cm/103 yr for the present highly compacted state.
Assuming an original bulk density of 1.5 g/cm3, which
is the average of eight samples from the Mississippi fan
(Bryant and others, 1985, table 3), and 2.72 g/cm3 for
the present density of the Prichard, the rate of ac-
cumulation would have been 40 ¢cm/103 yr. This com-
pares with rates (1) on the Mississippi fan of 71 cm/103
yr for the Wisconsin interstadial, 6-11 ¢cm/103 yr for the

late Wisconsin glacial, and 2-13 ¢cm/10% yr for the
Holocene (Kohl and others, 1985, p. 272); (2) on the
Amazon fan of 25 cm/108 yr (Damuth and Flood, 1985,
p. 103); and (3) for mud during the Wisconsin on the
Laurentian fan of 10-30 cm/103 yr (Piper and others,
1985, p. 140). This similarity of rates-for present-day
fans with that of the Prichard fan may be taken as
evidence that the age span calculated for deposition of
the quartzite member is reasonable rather than as an
independent determination of the accumulation rate.

Changes in sea level have a profound effect on the
growth rates of deep-sea fans. During high stands, such
as that of the Holocene, most sediment brought to the
ocean is deposited in estuaries or on the shelf, and at
present less than 5 percent of the annual sediment in-
put to the oceans reaches the deep sea (Collins, 1986).
During low stands, when most of the continental shelf
is exposed and rivers discharge at the shelf break, sub-
marine fans experience rapid growth (Stow and others,
1985; Shanmugam, Miola, and Damuth, 1985). This is
well illustrated by the present lobe of the Mississippi
fan where rates of accumulation in centimeters per thou-
sand years are as follows (Kohl and others, 1985, fig. 5):

Middle fan Quter fan
Holocene 7 2.5
Late Wisconsinan glacial 950 700

Converting to weight by assuming a porosity of 75 per-
cent and a saturated bulk density of 1.47 g/cm3 (Bryant
and others, 1985, table 3) gives the following in
g/cm3/108 yr:

Middle fan Outer fan
Holocene 4.9 1.75
Late Wisconsinan glacial 665 490

The middle fan has an area of 4.5X104 km? and the
outer fan has an area of 3.7X104 km?2 (measured from
Bouma, Stelting, and Coleman, 1985, fig. 2), so during
the late Wisconsin glaciation 4.9X1011 kg of sediment
were deposited yearly on the middle and outer lobes,
whereas during the Holocene a yearly average of only
2.8 X109 kg have been deposited. Menard (1961) gave
the volume of detritus contributed to the Gulf of Mex-
ico by the Mississippi drainage since the end of the
Jurassic as 11.1X10® km3. Assuming an average
porosity of 10 percent and a grain density of 2.8 g/cm3,
the total weight of this sediment is 2.8 X1019 kg, and
the average annual contribution of the Mississippi in
the 144 m.y. since the Jurassic is 1.94 X101 kg. Thus,
during the late Wisconsin glaciation all or nearly all
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downsection to both the east and west. The data from
the sills, then, suggest, but do not prove, that the sills
were intruded along the Washington-Idaho border (on
the palinspastic reconstruction), and figure 45 suggests
that the feeder dikes trended north-northwest. If so,
stretching was north-northeast and west-southwest.

The eastern edge of the stretched crust can be placed
with some confidence at the Rocky Mountain trench.
The Archean basement east of the trench is of normal
continental thickness and produces subtle but distinc-
tive northeast-trending gravity and magnetic anomalies
(Kleinkopf, 1984) that could not have survived east-west
attenuation and subsequent thickening by compression.
The trend of the feeder dikes inferred above parallels
the trench.

SUMMARY OF GEOLOGIC HISTORY

In Early Proterozoic time the southern margin of
North America was a convergent margin, and from
1,800 to 1,650 Ma a succession of volcanic arcs and
back-arc basins were accreted to the Archean nucleus
of the continent (fig. 41) (Condie, 1986). However, in the
Middle Proterozoic in the period between 1,500 and
1,400 Ma when the Prichard Formation was deposited
the only activity was the intrusion of anorogenic
granites into the Early Proterozoic terrane. If subduc-
tion continued, it left no clear record. In Montana a ther-
mal event at 1,600+ 100 Ma that reset isotopic clocks
in the Archean continental crust (Giletti, 1966) was
about coeval with an episode of mantle enrichment in
incompatible elements that probably resulted from the
introduction of carbonate-rich melts (Dudas and others,
1987). This thermal event may have thinned the
lithosphere by raising the subsolidus of the mantle
material (Spohn and Schubert, 1982).

After 1.576 Ga, but before 1.433 Ga, divergence be-
tween the present North American craton and a large
area of continental crust to the west, presumably the
Siberian shield, resulted in stretching of the continen-
tal lithosphere, which was possibly already thinned by
the preceding thermal event, in an east-northeast and
west-southwest direction. The stretching occurred
mostly west of the Rocky Mountain trench. Stretching
caused faulting of the brittle upper crust, and the
thinned crust was intruded by basic magma. Isostatic
adjustment of the thinned and intruded crust resulted
in subsidence that formed a gulf opening north-
northwestward (in terms of present compass directions)
to the world ocean.

The first sediments deposited on the newly subsided
crust are concealed, but they may be a transgressive
sand similar to the Neihart Quartzite or they may be

conglomerate similar to those of the LaHood Forma-
tion and shed from basement fault blocks. Evaporites
have commonly been deposited during early stages of
continental separation, and some may have formed very
early in the history of the Belt basin.

Isostatic adjustment to crustal distension is generally
rapid, and in the Belt this initial subsidence formed a
deep-water basin. Members A through E of the Prichard
Formation are a shallowing-upward basin-fill sequence.
The section below the lowest exposed beds of member
A probably consists of fine-grained turbidites deposited
at depths of hundreds to perhaps thousands of meters.
In the Gulf of California, turbidites have been found
resting on conglomerate that rests on granite (Saunders
and Fornari, 1982); the unexposed basal Belt may be
similar.

After isostatic equilibrium had been attained, slower
tectonic subsidence resulted from cooling and contrac-
tion of upwelled asthenosphere. This tectonic sub-
sidence decreased as a function of the square root of
time. As the tectonic subsidence decreased, the basin
was filled by fine-grained sediments that prograded
mostly from the west. The absence of carbonates in even
the shallow-water sediments suggests that the material
was brought to the basin by a large river, but the loca-
tion of the river and its mouth cannot be determined.
Deposition of the shallow subtidal to intertidal sedi-
ments of member E closed the first episode of basin fill-
ing. Data on this first sequence are too sparse to
determine the size and configuration of the basin.

Following the first episode of basin filling, the two
shields again diverged to produce a second episode of
crustal stretching, and the area again subsided to well
below wave base. The crustal stretching and subsidence
locally resulted in large-scale slumping of sediments
deposited in the first episode of subsidence and fill. The
newly subsided gulf was bordered near the Rocky
Mountain trench by a shelf on which carbonate rocks
were deposited. A major river emptied into the gulf from
the south to form a huge deep-sea fan. A sketch map
showing the inferred paleogeography at that time is
presented as figure 47. Many parts of the map are con-
jectural, including the location of the eastern and
southern margins of the sea, but it illustrates the con-
cepts developed in this paper. As the rate of tectonic
subsidence slowed, the basin was again filled, and slope
and shelf sediments prograded northward across the
area to terminate deposition of the Prichard Formation.
Deposition of mostly shallow-water to subaerial
sediments continued throughout Belt time.

Following deposition of the Belt Supergroup the basin
was subjected to east to northeast compression during
the East Kootenay orogeny as redefined by McMechan
and Price (1982). If the inferred paleogeography is
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correct, the East Kootenay orogeny probably resulted
from convergence of the Siberian and North American
cratons. In most of the area of this report the compres-
sion produced gentle north- to north-northwest-trending
folds (Harrison, 1986). In Canada the compression was
more intense and locally produced cleavage (McMechan
and Price, 1982, p. 463). In the Coeur d’Alene district
northwest-trending folds that formed early in the
orogeny were rotated by right-lateral movement along
an incipient Lewis-and-Clark line (Hobbs and others,
1965, p. 125, pl. 10). The East Kootenay orogeny was
dated by McMechan and Price (1982) at 1,300-1,350 Ma
on the bases of the 1,330+ 45 Ma age of metamorphic
biotite in the Prichard Formation (Obradovich and

Peterman, 1968), the 1,305+ 52 Ma rubidium-strontium
whole-rock isochron from the Hellroaring Creek stock
in British Columbia that intrudes folded rocks of the
Aldridge Formation (Leech, 1962; McMechan and Price,
1982, p. 480), and the 1,300-1,350 Ma date for the up-
permost Belt inferred by Elston and Bressler (1980)
from the polar-wandering curve (Elston, 1984, has more
recently inferred an age of 1,250 Ma for the uppermost
Belt). Other radiometric ages from the upper part of the
Belt Supergroup (Obradovich and others, 1984) would
date the orogeny as younger than 1,100 Ma. The final
break-up of Siberia and North America was between 555
and 600 Ma (Bond and Kominz, 1984).

The Belt basin may not have been the first such basin
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in the northwestern United States. The Yellowjacket
Formation (fig. 44) is a basin-fill sequence as much as
6,000 m thick (J.J. Connor, oral commun., 1987) that
has been interpreted as a rift deposit that accumulated
at about 1.7 Ga (Hughes, 1982; Hahn and Hughes,
1984). The original location of the Yellowjacket basin
is not known; the rocks may have been transported
many kilometers eastward by thrusting to reach their
present position. Additionally, Toth and others (in
press) have inferred from lead-isotope ratios in feld-
spar that the batholithic rocks of the northwestern cor-
ner of the Idaho batholith were derived from relatively
unevolved material (of Early Proterozoic age) that prob-
ably included pelitic sediments in an island-arc setting.
This inferred material may have been an extension of
the Yellowjacket Formation, or it may have resulted

from a separate opening-and-closing event. This is
assuming that the evidence for the proximity of the
Siberian craton to the west is correct.

If, as suggested above, the Belt basin resulted from
an episode of separation and convergence in which
little or no oceanic crust was formed, it was similar to
many other Proterozoic basins. Dewey and Windley
(1981, p. 202-203) wrote that both geologic and paleo-
magnetic evidence indicate that many Proterozoic
orogenic belts were the result of minor separation
and resuturing. Commonly in these belts the conti-
nental crust was stretched and thinned with but little
separation, and the stretching was followed by short-
ening and stacking of the thinned crust. The Belt
basin, then, may have followed a pattern common in the

Proterozoic.
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